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Dedication 


This book is dedicated to the thousands of scientists, engineers, technicians, and administrative 
personnel worldwide that have spent many years studying and writing about Mars, 
particularly that special group who devoted their attention to the moons Deimos and 
Phobos. Then there are another thousand or so people actually working on the hardware 
and software that is, this very day, going into Orion, Space Launch System rockets, engines 
and boosters and control centers. And there are another thousand or so tearing down old 
test stands and launch pads and building new ones in readiness to light the fires of one of 
the biggest candles ever built to launch humans into deep space. 

This book is dedicated to those that “took the road less traveled” and paved the way 
beyond our neighbor the Moon and sent truly amazing robotic payloads that sit this very 
day on Mars, sniffing around for life and knowledge. While this book is dedicated to those 
now working on deep space missions, it is also dedicated to younger minds, fresh with new 
ideas. For alas, some who have taken the road are now weary and eager for fresh blood to 
pick up the load and fulfill the challenge. The exploration road is long, rough, and not even 
straight. It will take generations to achieve the ultimate goal of understanding our neigh- 
bors and what light they might shed upon our place in the universe. 
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Foreword 


In 2005, while NASA was focused on returning to the Moon, I led a small team of scien- 
tists and engineers to study, and eventually advocate, a human mission to Phobos, the inner 
moon of Mars. The mission was not about going to Phobos for Phobos’ sake, but to target 
a Martian moon as a first step in eventually getting humans to the Red Planet. We called 
our plan Mars Indirect. 

The idea wasn’t new; as early as 1981, Fred Singer published the Ph-D Proposal, a 
pioneering technical paper in which he proposed a manned mission to Phobos (Ph) and 
Deimos (D). A few years later, Brian O’ Leary, a former astronaut NASA had selected for 
a potential manned mission to Mars, proposed using Phobos and Deimos as “resource and 
exploration centers” in the context of manned missions to Mars. Several more studies 
followed. 

The classical arguments in favor of a human mission to Phobos or Deimos included (a) 
the minimal delta-V (impulse) needed to reach Phobos and Deimos from the Earth, (b) the 
ability to monitor the planet from a stable platform in low Mars orbit (LMO), (c) the abil- 
ity to teleoperate robots on Mars from LMO without significant time delay, (d) the oppor- 
tunity to advance the scientific investigation of small bodies, and (e) the potential of 
finding water and other resources on Phobos and Deimos. While all important, these argu- 
ments had generally not been sufficiently compelling to create a broad consensus that 
would place Phobos or Deimos on the critical path to human Mars exploration. 

Our 2005 study, however, added three new arguments: (1) Phobos and to a lesser extent 
Deimos might each be a “Library of Alexandria of Mars.” That is, their regolith (surface 
rubble) might contain a unique record of ancient Mars in the form of bits and pieces of 
rocks which had been ejected from the planet over eons of meteoritic bombardment. Going 
to Phobos or Deimos might therefore be an opportunity to collect a wide variety of Martian 
samples, with the bonus that these materials would’ ve been pre-quarantined in Mars orbit. 
(2) Phobos and Deimos would be ideal “glove boxes” for Mars, that is, places to receive, 
quarantine, and preprocess fresh new samples collected on Mars by humans or robots prior 
to the samples being shipped back to Earth. And (3) Phobos and Deimos could serve as 
catalysts for the human exploration of Mars. 
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This third argument was, in our thinking, the strongest. In a paper presented in 
Washington, DC, in May 2005 at the International Space Development Conference and 
bearing in mind that NASA was, at the time, mandated to return to the Moon, we wrote: 

The bulk of the challenge, specific hardware development, and cost of a human mission 
to Mars lies in that part of the mission that brings astronauts all the way down to the 
Martian surface, enables their surface ops, and returns them to LMO. If no human journey 
to Mars were undertaken before humans are ready for an actual landing, decades could 
elapse after the return to the Moon before humans venture to Mars. 

Phobos presents the key programmatic advantage of (a) being a Martian target that is 
technically achievable in the immediate wake of humans returning to the Moon, requiring 
only a low-cost near-term spiral development since lunar systems can readily be qualified 
for Phobos; (b) reducing risk through a stepwise buildup to full-up Mars landing missions; 
and (c) enabling a steady cadence of exciting, meaningful, and tangible near-term missions 
at Mars, thus ensuring programmatic focus and continued public support. 

By the time of the second presentation of our arguments at the Lunar Exploration 
Analysis Group (LEAG) Conference in Houston, Texas, in September 2005, we felt that 
interest in Phobos and Deimos had been rekindled. Shortly thereafter, I got the greenlight 
from NASA Headquarters to convene the First International Conference on the Exploration 
of Phobos and Deimos, with a subtitle that generated much excitement and raised some 
(lunar) eyebrows: The Science, Robotic Reconnaissance, and Human Exploration of the 
Two Moons of Mars. The conference was held at the NASA Ames Research Center in 
November 2007 and was a success. Since then, two additional conferences have been held, 
one in March 2011 and the latest one in July 2016. They are now a series. 

In this landmark book, “Dutch” von Ehrenfried makes his own case for a manned mis- 
sion to Phobos and Deimos. He explains how this Mars Orbital Mission would be to a 
human landing on Mars what Apollo 8 and 10 were to Apollo 11: namely, a critical and 
enabling precursor mission. His case is compelling. Firstly because Dutch had front-row 
involvement in the Mercury, Gemini, Apollo, Skylab, and International Space Station pro- 
grams and therefore has firsthand knowledge and understanding of human space mission 
design, development, operations, management, and science. Secondly, to help the reader 
fully appreciate the benefits of targeting the moons of Mars as an initial step, Dutch pres- 
ents up front the monumental magnitude and cost of landing humans on Mars itself. He 
then shows us how, in contrast, a mission to Phobos and Deimos would be so much more 
feasible and affordable and could be undertaken much sooner. As NASA is presently in the 
process of readjusting its focus for the years to come, Dutch is to be praised for producing 
such an insightful, timely, and visionary book. 


Pascal Lee, Ph.D. 

Director, Mars Institute 

Planetary Scientist, SETI Institute 

NASA Ames Research Center, Moffett Field, CA 
February 2017 


Preface 


This book is an appeal to NASA, the Mars science and mission support community, 
and the powers that be to recognize that before we attempt to land on Mars, there ought to 
be a precursor, crewed orbital mission to the planet’s moons, Deimos and Phobos. 

The desire to land on Mars is driving the mission planning and clouding the real risks 
and extreme difficulties of taking the ultimate step from orbit to the surface. The magni- 
tude of the difference between an orbital mission and a landing/stay mission could be a 
decade and many billions of dollars. From an operational point of view, there is great value 
in learning “how” to “fly” to Mars’s moons first. This would include all of the tasks that a 
crew and their supporting team in Mission Control must conduct in order to just get there 
and come home. While it is very clear to the JPL operations people how to send a robotic 
spacecraft to Mars, it is quite another thing for the NASA Johnson Space Center (JSC) 
flight operations people to send a crew to Mars and return them safely back to Earth. 
Would the Apollo 11 mission have been successful if we had not carried out the Apollo 8 
and Apollo 10 missions first? Would we have ever attempted a mission as demanding as 
Apollo 11 without those precursor missions? 

One argument for doing the landing first is: “Would you ever go all the way to Mars and 
not land?” Some do not realize the amount of equipment and systems required to land, 
stay, and get back off the surface of Mars, let alone “how.” The increase in risks to achieve 
these goals and activities is orders of magnitude more than those required for a Mars 
Orbital Mission. But as of 2017, many of those landing/stay vehicles and systems are not 
yet designed or developed, and they are certainly not yet budgeted. Mission planners and 
engineers can conceive of systems far ahead of actually getting funds to design, develop, 
and test their creations. They can actually be decades, even hundreds of years, ahead of 
reality — as is evidenced by those who have visions of colonies of people living on Mars 
and terraforming it. Operations people live more in the “here and now.” They must “do” 
what the “dreamers” conceive. But then, what would we do without the dreamers? Isn’t 
everyone working on the Mars program a dreamer? Flight operations people dream of 
completing the mission. Interwoven throughout this book are operational perspectives 
from the crew and flight operations point of view. 
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Ihave attempted to describe what can be done to explore the Mars orbital environment 
sooner than a landing mission and hope to encourage the NASA administrators and plan- 
ners to begin a detailed “Design Reference Orbital Mission” to Deimos and Phobos. 
The scientific community definitely has goals and objectives for undertaking science 
there, and many scientists agree that an orbital mission should be a precursor to a landing. 
These objectives have been defined for years. The more the scientists learn from the 
robotic missions, the more they can “fine-tune” their detailed science objectives for human 
missions. The potential astronaut crews need to be educated and trained to conduct those 
experiments. There are some very interesting operational EVA aspects related to how to 
collect samples from the Martian moons and deploy sensors that can assist in gathering 
more scientific data, as well as leaving equipment behind that might facilitate future 
flights. 

After putting the planning of a Mars mission into a historical context, the book will 
describe what is currently planned which relates to an orbital mission. It will describe what 
is not required to go to the Martian moons, to ensure that the reader understands the vast 
difference in missions and therefore how much sooner an orbital mission can be achieved 
and at significantly less risk. The risks to the astronauts will be covered, as will the habit- 
ability considerations for such a long and perilous flight. Some of the unique technology 
advances that enable such a mission are also described. 

Also included are references to what many of the organizations and contractors are 
doing to support a flight to Mars. An important aspect of the planning is the experience 
gained over the decades from the robotic missions to Mars. This is included in one of the 
several Appendices. It is apparent that future human missions to Mars will involve the 
commercial space industry and our international space partners. The cooperative nature of 
the International Space Station (ISS) is an illustration of how a Mars mission should be 
organized. 

In summary, the intent of this book is foremost a plea to NASA to begin detailed plan- 
ning for a human orbital mission to the Martian moons as a precursor to a landing on the 
planet itself. In addition, it is hoped the book will become a reference for such a mission 
for university students and space aficionados. As of the spring of 2017, the book will cover 
what vehicles and systems are required and what needs further definition. Appendices 
provide not only a historical context for the current state of Mars exploration but also a 
review of the human analog research undertaken over the years. Links to NASA and con- 
tractor sources are included for the reader desiring even more information. 


Manfred “Dutch” von Ehrenfried 
Lago Vista, Texas, USA 
Approaching the Vernal Equinox of 2017 
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Part I 
The Current Plan 


1 


Introduction 


This book is about a human mission to Mars, but not the way you might think. Nor is it 
about what NASA is currently planning, although their current plans are described here in 
order to put them into context for what I feel is a better first step to the planet. This book 
is about a mission mentioned only briefly in studies over the years and, in a way, is argu- 
ably a better path. Years ago, such a mission was listed, almost as an afterthought, in what 
was then called “The Flexible Path.” It was simply called a “Mars Orbital Mission.” This 
book proposes that such a mission to the moons of Mars, Deimos and Phobos, be under- 
taken prior to any attempt to land on Mars. But first, a little background. 

It is 2017 and we humans still haven’t been beyond Earth orbit for two generations. It’s 
been nearly a half century since we first landed on the Moon. The farthest that we’ve been 
in space is 248,655 miles; I have more miles on my Buick! What happened to the nation’s 
will to explore? What happened to all the dreams of exploring Mars? Yes, we have robots 
on Mars and orbiting around the planet that are simply fantastic. The rovers on Mars have 
been magnificent and have defined the conditions in the atmosphere and on the surface to 
a sufficient degree to enable us to zero-in on the minimum architecture and overall system 
design for the first crewed mission. The rover and orbital missions need to continue to 
more thoroughly define the planet to the scientists’ satisfaction. There is still much to 
learn. The scientists, engineers and technicians that designed, built, and operate these 
spacecraft are true space pioneers and should be recognized and honored for their extraor- 
dinary accomplishments. These missions have redefined what we know about the planet 
and its atmosphere. They have enabled us to develop the orbital mechanics and navigation 
techniques to reach Mars; manned or unmanned. We know how to plan the trajectories to 
Mars; robots have now taken “the road less traveled” but none have returned with samples. 
The history of this exploration is reviewed in Appendix 2. 

In 1976 two Viking robots landed on Mars seeking life. They found no signs of it. 
Almost all subsequent missions and instruments have looked for water as the way to find 
life. “Follow the water” is the mantra of the scientists. The life forms need not be sophis- 
ticated; a living cell will do. What will that tell us? As Dr. Philip Morrison of the 
Massachusetts Institute of Technology once pointed out, the discovery of extraterrestrial 
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organisms would “transform the origin on life from a miracle to a statistic.” Perhaps 
human beings are not so special after all! Did God create other life forms like us? Did he 
create more intelligent beings than us? Considering the number of stars and the seemingly 
unlimited vastness of the universe, certainly the odds are in favor of there being extrater- 
restrial life. But is there life elsewhere in our solar system? Back in 1961 Dr. Frank 
D. Drake used what became known as the “Drake Equation” to estimate the number of 
civilizations whose electromagnetic emissions ought to be detectable by us. His work was 
aimed at radio research, rather than to seek primordial or primitive life forms. The number 
of habitable planets was just part of the equation. At the time, he lacked data on the nature 
of other planetary systems. Data from the recent Kepler mission to observe such systems 
is indicating that Drake’s estimate may be more accurate than was once thought. 

Thousands of people are working to answer this simple question. They range from 
those of pure scientific curiosity to those who seek aliens that might conquer the Earth. 
There are whole communities of people in the “astrobiology” world studying the question 
of life. Many research projects are well funded and include distinguished scholars, some 
of whom are quoted herein. 

The Kepler mission has been searching for planets that might harbor life since it was 
launched on March 6, 2009. Astronomer Dr. Natalie Batalha from the NASA Ames Research 
Center has worked to identify potential candidates. Indeed, she led the analysis that yielded 
the discovery in 2011 of Kepler 10b as the first confirmed “extrasolar” rocky planet. The 
Planetary Habitability Laboratory at the University of Puerto Rico at Arecibo has catalogued 
2,331 confirmed planets that seem to fall in what is termed the “Goldilocks zone” for life 
around their host stars; being neither too hot nor too cold, but just right! Of these, about 44 
seem to be in the potentially small habitable zone for life, of which 15 are Earth-sized. While 
this effort should continue, there is a more familiar planet called Mars that fits that descrip- 
tion, so why not look there too? Let us start with the planet’s moons which are much, much 
easier to reach (and depart from) than going to the surface of Mars (and then lifting off 
again). Exploring Deimos and Phobos might not be the ultimate goal of landing on Mars, but 
it will be a lot safer, quicker, and cheaper as a first step for humans venturing into deep space. 

Some of the missions to Mars have onboard instruments to look for evidence of life and 
the conditions for life. The scientists tell us that three things are needed: energy, organic 
materials, and water. Planetary scientist Dr. Christopher McKay, who is also from NASA 
Ames, has shown us that there are “extremophiles” living in the most inhospitable condi- 
tions and places here on Earth. Perhaps they are living on Mars and its moons as well, 
albeit having to migrate a distance under the surface in order to get away from the inhos- 
pitable temperatures and radiation. Plans are underway to develop a special drill to sample 
to a depth of 3 ft into the polar ice-cemented soil near the Mars polar site explored by the 
Phoenix spacecraft in 2008. This small special purpose lander is called the Mars Icebreaker 
Life Mission. It has been proposed as a Discovery Program mission for the 2021 time 
frame. Small scientific experiments such as this and others planned for future robotic 
missions may also be the type of equipment that the Mars Orbital Mission could emplace 
on Deimos and Phobos, deployed by astronauts in much the same manner as the Apollo 
astronauts deployed the Apollo Lunar Surface Experiment Packages (ALSEP). 

To date, we still haven’t answered the questions about whether there is now, or ever has 
been, life on Mars; nor has any mission returned a sample to Earth for more detailed analy- 
sis than can be undertaken by a robot “in situ.” They have established that Mars did have 


4 Introduction 


water and probably has water below the surface. We also have what are thought to be rocks 
thrown out by asteroids colliding with Mars, which reached Earth and landed in Antarctica. 
But many mysteries remain. What happened to Mars over the billions of years since it 
formed? What happened to the water? What happened to the atmosphere? What happened 
to the magnetic field? What are the lessons for us on Earth? 

It seems apparent from all the robotic missions to Mars that ultraviolet radiation and 
lack of liquid water are at least two of the main reasons that life, if it did exist, was killed 
off or migrated underground. Another reason that no life has been found on Mars to date 
could be the existence of perchlorates in the soil, because these also tend to kill off life. On 
the other hand, the presence of perchlorates suggests a possible reaction with iron that 
could support metabolism. We need to know more. 

The scientific knowledge gained from all the robotic planetary missions over the 
decades has helped us to plan for crewed Mars missions and to select the best sites for 
landing on that planet. Moreover, experience of planetary missions and operating the 
International Space Station (ISS) has taught us (and other nations) how to cooperate in 
such endeavors, and to bring each nation’s many talents and skills together for a common 
good. The ISS has shown us how to, at least to a degree, mitigate long duration weightless- 
ness; once thought to be major problems facing a trip to Mars. We now know how to work 
and live in the space environment for extended periods of time and also how to perform 
complex extravehicular activities. A mission to the moons of Mars will necessarily require 
crew habitation and logistics modules whose designs will be based upon ISS experience. 
This same experience might also lead to an international crew for the first precursor mis- 
sion to the Mars environment; hopefully to the planet’s moons. 

Over the decades, reality has awakened us from our dreams of exploration beyond 
Earth orbit. Not only is Mars more than a hundred times farther away than our Moon, but 
there are hazards in deep space such as radiation, which, although known and generally 
understood, are not yet fully mitigated. While long duration flights in space are very costly, 
they don’t compare to the wasted spending on political follies in just the past decade. To 
compare the benefits of space missions to domestic programs and military missions, con- 
sider the following: it cost us approximately $2.5 billion to send the robotic rover Curiosity 
to Mars. That is just about the same as the increase in our national debt in one day! That 
program includes eight years of development and two years of exploration. It has employed 
thousands of people in 20 states and four countries. Average the cost over the decade and 
it is about $1 per citizen per year. That is the magnitude of the cost of a major scientific 
planetary science mission. That is cost effectiveness at its best! The money spent on space 
flight programs goes back into the economy by a factor of 8 to 10. This has been shown in 
many studies over several decades. Contrary to the arguments of pessimists, we did not 
spend any money on the Moon; it was spent here on Earth and yielded thousands of spi- 
noffs that have improved the lives of billions of people around the world. Therefore space 
science is one of the best examples of mankind’s contribution to the understanding of the 
world in which we live; an understanding that is still unfolding. 

So what would it cost to send humans to Mars? The NASA FY 2017 budget is $19B. 
Of this, $8.4B is for Human Exploration Operations ($3.3B is for Exploration and $5.1B 
for Operations) which includes the Orion spacecraft, the Space Launch System (SLS), and 
the associated ground systems for checkout and launch. But that is just for one year. 
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Thousands of people are spending that money in ways that advance science and technol- 
ogy that will already have benefited society before a single launch to Mars takes place. In 
addition, the work provides jobs for thousands of truly gifted people. In an era when our 
National Debt is $20 trillion; how long can we continue to fund NASA at these rates? Will 
there be sufficient money over the next 20 years to undertake a mission to Mars? Perhaps 
this is another reason to plan for a cheaper, easier and quicker Mars Orbital Mission rather 
than the much more expensive Mars landing/stay mission. 

This book focuses on a cost effective effort to send humans into orbit around Mars, not 
to the surface, as quickly as possible, and reviews what this will involve. There are those 
who wish to colonize and terraform Mars, but these goals lie far, far in the future; if indeed 
they are possible at all. What is the earliest we can reach Mars and get some answers? Why 
do some people want to revisit the Moon or investigate an asteroid first? Are these merely 
political distractions due to money? Or are they sound judgements? While some people 
may find those types of missions of scientific interest, certainly we don’t need to go there 
before we go to Mars orbit. As the saying goes, “We have the technology!” We do not need 
to test systems on the Moon in order to go to Mars orbit; we can do that in vacuum cham- 
bers and other traditional ways to “shake, rattle and roll” vehicle components to qualify 
them for flight. We have been doing that for many decades. Appendix 3 describes the many 
experimental analogs on Earth that have been investigated over the years. These have also 
contributed to the technologies and methodologies required for deep space travel. We do 
not need to go to an asteroid for the same reasons. If you want to go to the Moon or to an 
asteroid then do so, just don’t take money and resources away from a mission to Mars. 

There are people who dream about and work on future systems like nuclear and solar 
electric propulsion to shorten the trip to the planet, but this book focuses on the next cou- 
ple of decades; specifically from now to approximately 2035. Others are already working 
on systems to process the local soil in order to obtain oxygen and methane for fuel, and 
ways the crews could utilize in situ resources for extended stays on the surface. That may 
be good research for future flights, but it isn’t needed for an orbital mission. It could even 
be taking money away from a much earlier opportunity to visit Deimos and Phobos and 
establish a base of operations in orbit around the planet. 

An orbital mission doesn’t require the launch vehicles, spacecraft, landers, surface 
vehicles, and resources that would be required to undertake a landing and long stay on the 
planet. These must still be developed for later missions, but they aren’t needed for the mis- 
sion to Mars orbit and its moons. This book makes the case that such a precursor mission 
should be attempted in advance of attempting a landing mission. NASA and the scientific 
community need to shift the priorities and flight schedule of the current human Space 
Exploration Program. 

Many scientists have proposed acquiring samples of the Martian moons in order to 
enhance our understanding of the planet. They have even said that such a sample return 
mission ought to occur ahead of a mission to the surface. With an added capability, the 
Mars Orbital Mission with visits to Deimos and Phobos could offer a way to obtain sam- 
ples of the regolith and leave some scientific experiment packages behind. Some believe 
this material also includes ejecta from the surface of Mars, ejected by impacts that made 
huge craters on the planet. Is this as dangerous as lunar dust? Wouldn’t it be good to find 
out before making a landing and long stay on the planet? Acquiring and returning samples 
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could be accomplished by an astronaut or by a robot. The term used in the scientific com- 
munity for this debate is “boots or bots.” An orbital mission carrying a human crew could 
use both techniques. It is important to realize that such a mission might be no more com- 
plicated than the proposed rendezvous with a captured asteroid to obtain samples. Why go 
to the effort of capturing an asteroid and maneuvering it close to Earth in order to under- 
take a rendezvous to sample its materials? Surely it is better to go where you really want 
to go anyway, namely Mars. 

A Mars Orbital Mission is not currently in NASA’s near term plans, but is mentioned in 
many formal papers. The planners have simply jumped over that option and placed their 
emphasis and priority on the ultimate goal; a landing mission. One could argue that learn- 
ing to operate in Mars orbit and rendezvousing with its moons would be a necessary learn- 
ing and training experience as well as a means of acquiring samples prior to attempting the 
most difficult, costly, and dangerous feat of attempting to land on the surface and operate 
there for an extended period while awaiting suitable conditions for a return to Earth. One 
might consider this logic as similar to the rationale for the Apollo 8 and Apollo 10 lunar 
orbit missions which paved the way for the lunar landing by Apollo 11. 

The landing/stay crews would still have to acquire and return samples to Earth for 
exhaustive analysis. Furthermore, a Mars Orbital Mission could occur many years, if not 
decades, before a landing mission. It would raise the probability of success of a landing/ 
stay mission, and by the lessons learned from the orbital experience it would reduce the 
risk to the crew. Such a mission might excite the world and provide NASA and our inter- 
national partners the additional funding for future exploration flights. 

Although NASA would prefer to test systems in a lunar environment and rendezvous 
with an asteroid, neither of these missions are required to go to Mars orbit because those 
systems can be qualified by other means. These missions are added more for test and 
checkout and cost reasons than to qualify systems for use in deep space. Of course, our 
Moon is only three days away and there are return-to-Earth trajectories in case of emer- 
gency. Such is not the case for a mission to the neighborhood of Mars — it is a long way 
home in even the best of conditions. But surely by now space flight has evolved to the 
point where, after extensive ground testing and qualification, a couple of unmanned flights 
and a long duration crewed checkout in a high Earth orbit (rather than an asteroid), NASA 
could commit the next flight to orbiting around Mars. 

Test and checkout of an ISS-derived deep space habitation module and logistics module 
(both necessary for a mission lasting at least two years) could be thoroughly checked out on 
the ground and on a separate flight. If successful, these could be parked in Earth orbit to await 
the arrival of a crewed Orion spacecraft for subsequent rendezvous, docking and checkout 
prior to committing to a Mars trajectory. Needless to say, the Mars Orbital Mission, including 
visits to its two moons, requires a thorough mission planning activity because without that it 
is purely conceptual, albeit based upon some reasonable logic. What is lacking is a focused 
analysis and a consensus on the preferred options and necessary equipment. What is needed is 
for the NASA mission planners to recognize the value of an orbital mission ahead of a landing 
mission. What is needed is a Design Reference Mars Orbital Mission to Deimos and Phobos. 
This was briefly mentioned in a NASA 2013 report and termed “Design Reference Mission 8” 
but not subsequently pursued. Studies by academia and industry have also mentioned this type 
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of precursor mission. In the spring of 2015 the Planetary Society, with input from a study 
group at the Jet Propulsion Laboratory, also made a case for a Mars Orbital Mission. 

As recently as July 2016, the 3rd International Conference on the Exploration of Phobos 
and Deimos was convened at the NASA Ames Research Center. The subtitle of the confer- 
ence was “The Science, Robotic Reconnaissance, and Human Exploration of the Two 
Moons of Mars.” 

So how did we get to where we are now? This book discusses why we should go to 
Mars and gives a brief history of the decision processes over the past quarter of a century. 
The two moons of Mars, Deimos and Phobos, are described as targets for the proposed 
Mars Orbital Mission, as well as the probable trajectory paths and mission duration. An 
operational concept for acquiring samples of both moons and returning them to Earth is 
presented along with a review of required technologies and resources. 

The major elements of the currently planned Space Exploration Program are discussed, 
since most of the elements which are now in development by the United States and Europe 
would be used by a Mars Orbital Mission. In addition, the latest technologies being used 
to manufacture the vehicles and systems will be reviewed, since many are truly amazing 
advances. The approach taken is to discuss each major element and then the enabling and/ 
or emerging technologies. For example, the Orion spacecraft exploits advances in welding 
techniques; development and testing of state-of-the-art heat shielding; the latest in para- 
chutes; the use of 3D modeling; advances in life support systems and in cryogenic storage, 
and more. Likewise the Space Launch System uses advances in rocketry to modify the 
existing RS-25 engines and components, and to manufacture new RS-25 engines for later 
missions. The major technology advances and/or new technologies will be discussed for 
all key elements supporting the Mars missions. 

In addition to the hardware, human and software systems will be covered. This will 
include the latest in spacesuits, many flight operational concerns such as aborts, radiation 
monitoring and warning, as well as advanced communications concepts for deep space. 
There are also new test and checkout methods being developed, and advanced ground 
systems to support the SLS at the launch complex at the Kennedy Space Center. The role 
of each of the NASA Centers and their contractors will be included, since the Space 
Exploration Program involves them all. There will also be DOD organizations lending 
support. In addition, commercially supplied launch vehicles and cargo spacecraft will 
deliver payload to low Earth orbit for subsequent transfer to the Mars vehicles. 

To research this book, basic information and various documents were acquired from 
NASA websites and then summarized and placed into context. Thousands of pages were 
reviewed for relevance. Likewise, information was gleaned from contractor websites and 
organizations such as the National Academies Press, the National Research Council, IEEE, 
and AIAA. The website of the European Space Agency was also searched for information 
on the Orion Service Module, as well as other sites supporting the ISS and Mars missions. 

An excellent review of mission planning for Mars and the various NASA Design 
Reference Missions and Architectures is Human Mission to Mars, the 500 page volume by 
Donald Rapp that was published in 2016 by Springer-Praxis. It is more focused on landing 
missions, surface operations, and use of in situ resources. This coupled with information 
from NASA will give the serious reader much to digest, because the topic is complex. 
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So it is hoped that by condensing hundreds of sources and thousands of pages into a 
single bound volume, the current book will enable students and space enthusiasts to con- 
template the first human mission to Mars’s moons. It is also hoped it will have some influ- 
ence upon mission planning to Mars, and that NASA will actually conduct a precursor 
mission to the Mars orbital environment in advance of attempting the far more complex, 
costly, and dangerous landing and stay mission. 


2 


NASA’s Plans 


2.1 BACKGROUND 


Remember that old saying “You can’t tell the players without a score card”? Well it is hard 
to tell how we got to the current plan to go to Mars without a roadmap. There have been 
so many studies over the decades by so many people that one requires to be guided to the 
current plan. If that isn’t difficult enough, this book proposes to change the plan, or at least 
to alter the sequence of events. But before that is discussed, it is important to understand 
how we got to where we are now. I don’t think we need to go back more than a generation 
to understand that, but if you want to go back further, read Humans to Mars: Fifty Years of 
Mission Planning, 1950-2000 by David S. F. Portree, published in 2011 by the NASA 
Headquarters History Office. 
The table provides a chronology of key dates. 


1991 “America at the Threshold, Report of the Synthesis Group on America’s Space 
Exploration Initiative” 

1993 1st Design Reference Mission (DRM), Space Exploration Initiative 

1997 DRM 2.0 by a NASA Mars Exploration Study Team 

1998 DRM 3.0, an addendum to the 1997 study 

1998 DRM 4.0 examined Nuclear Thermal and Solar Electric Propulsion 

1998 First module launch of the International Space Station (ISS) 

2004 George W. Bush announced a new Vision for Space Exploration 

2005 NASA Exploration Systems Architecture Study (ESAS), a report of 758 pages produced 
by 20 core team members collocated at Headquarters, supported by hundreds of Field 
Center staff over a period of three months 

2006 Boeing selected to build the Orion heat shield, Lockheed Martin selected to build the 
Orion Crew Vehicle 

2007 The Global Exploration Strategy: the Framework for Coordination 

2009 The Augustine Panel described the “Flexible Path” option in “Seeking a Human 
Spaceflight Program Worthy of a Great Nation” 


(continued) 
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2009 DRM 5.0, with an addendum in July and a second in 2014; the most current version and 
the one discussed herein 

2010 NASA Authorization Act of 2010 

2010 U.S. National Space Policy, mentioned Mars in only one sentence 

2010 Constellation Program canceled 

2010 NASA formally established planning teams at MSFC and JSC 

2011 “Vision and Voyages for Planetary Science in the Decade 2013-2022” (National 
Research Council of the National Academies) 

2011 Last flight of the Space Shuttle 

2011 NASA adopts the Space Launch System design 

2013 NASA Langley published “Considerations for Developing a Human Mission to the 
Martian Moons” 

2014 Latest addendum to DRM 5.0 

2015 NASA published “Journey to Mars: Pioneering the Next Steps in Space Exploration’ 

2015 The Planetary Society published “Humans Orbiting Mars” 

2016 Third International Conference on Exploration of Phobos and Deimos 


> 


2.2 INTERNATIONAL INPUT TO THE PLANNING PROCESS 


In May 2007, fourteen space agencies jointly released “The Global Exploration Strategy 
(GES): the Framework for Coordination.” Many of these international space agencies are 
participating on the International Space Station and also on robotic missions to the planets. 
Many have space programs of their own. The agencies share a vision of coordination on 
human and robotic space exploration. The report identified a common set of very broad 
exploration themes and benefits, and called for a voluntary, non-binding coordination 
mechanism among the space agencies. This led to the establishment of the International 
Space Exploration Coordination Group (ISECG) in November 2007. 

The ISECG is a forum to enable space agencies to identify ways to strengthen their 
individual exploration programs, to facilitate collaborations and to advance the GES by 
coordinating mutual efforts in space exploration. As a result of their coordination and 
workshops, they focus on non-binding products such as findings, recommendations, and 
consensus opinions. Decisions on how to implement specific mission scenarios are not 
made by the ISECG, however. These will follow national policy decisions and interna- 
tional consultation at multiple levels, informed by products such as architectures and mis- 
sion designs developed collectively. 

This organization produced a 26 page report “Benefits Stemming from Space 
Exploration” in 2013. It describes the fundamental benefits that are expected to flow 
from continued investment in the missions and activities described in the “Global 
Exploration Roadmap (GER).” Both these documents are available on line. While these 
are high level documents, they serve to strengthen governmental support for interna- 
tional cooperation in human and robotic space exploration and provide the technical 
basis for the information that will be needed to establish agreements by the space agen- 
cies and their governments. 
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2.3 DESIGN REFERENCE ARCHITECTURE AND MISSIONS 


The terms “architecture” and “mission” are a bit confusing at first. During the first two 
decades of conceptual Mars mission planning, the term “Design Reference Mission 
(DRM)” was used. Around 2009, the term “Design Reference Architecture” was intro- 
duced to encompass the entire sequence of missions and related supporting infrastructure. 
Keep in mind that over the years, the conceptual studies became better defined and served 
as input to trade-off studies and to identify technology needs. They were used to identify 
system “drivers” that needed further study. They often included broad, high level strate- 
gies but also identified specific types of hardware such as a nuclear thermal and solar 
electric propulsion system. The time constant between some of these concepts and reality 
could be decades. In some cases, related DRMs were produced; for example an “Austere” 
DRM for a Mars mission or a Lunar DRM. 

In the DRM 5.0, dated July 2009, the Mars Architecture Working Group (MAWG) says 
that the report should not be viewed as constituting a formal plan for the human exploration 
of Mars. Instead, the report provides a vision of a potential approach for human Mars explo- 
ration based upon the best available knowledge. From 2009 to 2015 the emphasis switched 
to the necessary technology for the conceived Mars mission. The near term capabilities for 
the heavy lift launch vehicle, the ground-based checkout systems, and the spacecraft, became 
well defined. The result was the Space Launch System, the checkout and launch processing 
systems to be created at the Kennedy Space Center, and the Orion spacecraft. The longer 
term systems became the focus of the Human Spaceflight Architectural Team (HAT). 

It became clear that the systems which required much more research and definition as 
well as funding would have to be postponed until later; in some cases much later. But stud- 
ies continued for many areas that fall within NASA’s space exploration research and the 
roles and specialties of the NASA Centers. The systems relating to the initial Mars land- 
ing/long stay mission require much more research, much more money, and much more 
time. This is one of the main reasons to pursue a Mars Orbital Mission as a precursor. 


2.3.1 From Three Missions to Three Phases 


In the 2009 DRA 5.0 three missions were defined by the Mars Exploration Program 
Analysis Group (MEPAG) for exploration of Mars. It was thought that this effort could be 
completed in approximately 10 years. Each of the missions used the conjunction class 
(long stay) trajectory option. This concept used pre-deployment of assets up to two years 
prior to a crewed mission. This concept also called for a nuclear thermal rocket, a surface 
nuclear power source, use of in situ Martian resources, descent/ascent vehicles, surface 
habitats, and more. Six years later, this concept had been superseded by a more strategic 
three phased approach that included lunar and asteroid missions. 

In 2015, NASA published “Journey to Mars: Pioneering Next Steps in Space Exploration.” 
This 36 page document picks up all of the input from the National Space Policy, the National 
Space Act of 2010, the Global Exploration Roadmap, and the current work of the Centers 
and laboratories. It is fundamentally a strategic overview document, but presents the status 
of space exploration plans in a format which is very readable. It focuses on high level con- 
cepts such as the approach, principles, programs, plans and challenges, and presents them 
using beautiful art work. It is not a design reference mission document. 
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Fig. 2.1 The journey to Mars. (Photo courtesy of NASA) 


This document argues that the journey to Mars crosses three thresholds, each of which 
poses increasing challenges as humans move farther from Earth. NASA manages these 
challenges by developing and demonstrating capabilities in incremental steps. 

Briefly, the three thresholds are: 


Earth Reliant. This is basically research onboard the ISS and at the Centers, includ- 
ing commercial participation. 

The Proving Ground. This involves missions in cislunar space to validate capabili- 
ties required for Mars. It envisages both Exploration Mission-1 scheduled for 2018 
and the Asteroid Redirect Mission in 2020. 

Earth Independent. Building on what is learned from the above two thresholds, this 
calls for missions to the vicinity of Mars; perhaps a Mars Orbital Mission and pos- 
sibly visiting Deimos and/or Phobos. Of course, the ultimate mission is to the sur- 
face of the planet and staying there for an extended period until conditions are right 
to return to Earth. This also describes in situ resource utilization and advanced 
communications. 


According to William H. Gerstenmaier, Associate Administrator for Human Exploration 
and Operations at NASA Headquarters, this three phase approach “connects near-term 
activities and capability development to the journey to Mars and a future with a sustain- 
able human presence in deep space” and it “charts a course toward horizon goals while 
delivering near-term benefits and defining a resilient architecture that can accommodate 
budgetary changes, political priorities, new scientific discoveries, technological break- 
throughs and evolving partnerships.” 

In view of all the documents developed over the past decades this statement makes a lot of 
sense, because a Mars Exploration Program will take so long (decades) to achieve the ulti- 
mate goal that it will likely be subject to the varied priorities of several Presidents and very 
different Congresses. Similarly, the participating nations could revise their participation. 
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And there may be new knowledge about Mars from the many ongoing robotic missions, 
and critical advances in technology that will change the mission design of the day. 

As these events take place, the reference architectures will evolve and the ultimate mis- 
sion as well as other missions will eventually be defined. It is to be hoped that along the 
way, conditions will oblige NASA to undertake the Mars Orbital Mission option as a 
precursor, with Deimos and Phobos as targets of investigation. 


2.4 GOALS, OBJECTIVES AND CHALLENGES 


NASA states that its goal is not a single destination. They seek a capacity for humans to 
work, operate, and sustainably live safely beyond Earth for extended periods of time. 
While they may say this, to most people the goal is Mars, not an asteroid. 

Underlying the desire to go to Mars is the basic challenge of developing capable and 
reliable transportation systems, providing the basic capability to live and work for long 
periods in deep space, and staying healthy while doing so. 

Living in space for a year or more has only been accomplished by four cosmonauts on Mir. 
Contrary to popular belief, Scott Kelly and Mikhail Kornienko only spent 340 days on the 
ISS. Spending two years in deep space without resupply (or even with it) will be quite another 
thing entirely. Living on the surface of Mars for over a year can be imagined, but it is almost 
beyond our current capability. The challenge is more about funding than it is about will, tech- 
nology, or capability. The conceptual technology for all the vehicles, equipment, and resources 
needed has an astronomical price tag and therefore must be spread out over time. 

Despite the shift in 2015 to the three thresholds, the general goals and objectives identi- 
fied in the DRM 5.0 are still valid, albeit rather better defined. They will necessary be 
adjusted as more knowledge comes in from robotic missions and other fundamental 
research. In general, the goals relate to planetary science, preparation for sustained human 
presence in space and on the surface, and ancillary science in addition to that related 
directly to Mars. The latter category includes the interplanetary environment, and observa- 
tions of the Sun and Earth while the crew is traveling to Mars and returning to Earth. The 
details of these goals and objectives will be documented by the study groups of the various 
NASA Directorates. These have changed slightly since the DRM 5.0 was published. 

Currently, NASA Headquarters has four Mission Directorates as follows: 


e Aeronautics Research Mission Directorate. 

e Human Exploration and Operations Mission Directorate. 
e Science Mission Directorate. 

e Space Technology Mission Directorate. 


Every NASA Center has elements involved in Human Space Exploration that coordi- 
nate with one or more of these Headquarters organizations. In addition, there are two 
Advisory Groups in the form of the NASA Advisory Council and the Aerospace Safety 
Advisory Council. 

It is important to understand that the planetary science realm, which has been involved 
with robotic missions to Mars for at least 40 years, has a current set of goals which address 
issues of planetary science first and foremost, and crewed space exploration only where 
that activity can provide answers to their own more fundamental questions. 
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The Mars Exploration Program Analysis Group (MEPAG) at the Jet Propulsion 
Laboratory has very well defined objectives, sub-objectives, and investigations. They 
even undertake cross-cutting investigations. This group is a community-based forum to 
provide science input from the broad scientific community to NASA for planning and 
prioritization of Mars future exploration activities, and thereafter to facilitate the distribu- 
tion of NASA Mars Program information to its members. It reports to the NASA Advisory 
Council. 

Given their planetary science experience, one would expect MEPAG to be far 
more specific in regards to the planetary science of Mars than those related to Human 
Space Exploration. The summary of the MEPAG 2015 goals and objectives in order of 
priority are: 


e Goal I: Determine if Mars ever supported life: 

A. Objective: Determine if environments having a high potential for prior habit- 
ability and preservation of biosignatures contain evidence of past life. 

B. Objective: Determine if environments with high potential for current habitabil- 
ity and expression of biosignatures contain evidence of extant life. 

e Goal II: Understand the processes and history of climate on Mars: 

A. Characterize the state of the present climate of Mars’s atmosphere and sur- 
rounding plasma environment, and the underlying process in the current orbital 
configuration of the planet. 

B. Characterize the history of Mars’s climate in the recent past and the underlying 
processes in different orbital configurations. 

C. Characterize Mars’s ancient climate and underlying processes. 

e Goal III: Understand the origin and evolution of Mars as a geological system: 

A. Document the geological record preserved in the crust and interpret the pro- 
cesses that have created that record. 

B. Determine the structure, composition and dynamics of the Martian interior, and 
how it has evolved. 

C. Determine the manifestations of Mars’s evolution as recorded by its moons. 
(My emphasis: Deimos and Phobos to be discussed later in a Mars Orbital Mission.) 

e Goal IV: Prepare for Human Space Exploration: 

A. Obtain knowledge of Mars sufficient to design and implement a human mission 
to Mars orbit with acceptable cost, risk and performance. (My emphasis: Mars 
orbit.) 

B. Obtain knowledge of Mars sufficient to design and implement a human mission 
to the Martian surface with acceptable cost, risk and performance. 

C. Obtain knowledge of Mars sufficient to design and implement a human mission 
to the surface of either Phobos or Deimos with acceptable cost, risk and perfor- 
mance. (My emphasis: The sub-objectives and investigations will be addressed 
in a later section as it applies to a crewed mission.) 

D. Obtain knowledge of Mars sufficient to design and implement a sustained 
human presence on the Martian surface with acceptable cost, risk and 
performance. 
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It was clear by 2015 (and restated in 2016) that planetary scientists had not only real- 
ized the value of exploration of Deimos and Phobos, they had also identified specific sub- 
objectives and investigations. The logical next step would be for those involved with the 
mission planning for a crewed mission to these moons to design a reference mission. This 
will be discussed in Part Two of this book. 


2.5 RESOURCES REQUIRED 


The basic resources planned for a crewed mission to Mars were identified over a decade 
ago. NASA knew they needed a new spacecraft, the Orion; a new, more powerful heavy 
lift launch vehicle, the Space Launch System (SLS) — initially with the interim cryogenic 
upper stage but later with a more capable upper stage that could be rated safe to carry a 
crew. They would also need new resources to fly a variety of conceived missions into deep 
space. The major elements would satisfy different types of crewed missions but there are 
only so many places humans can venture in the next half century; namely in low Earth 
orbit, onto or in the vicinity of our Moon, to the Lagrangian points of various gravitational 
systems, to near-Earth asteroids, and to Mars. In addition, other more capable systems are 
envisioned that require advanced technologies such as nuclear thermal and solar electric 
propulsion vehicles, but these will require much more money. As soon as Mars mission 
scenarios address the descent, landing, and surface operations for long stays on the planet, 
a whole new set of resources are required. The cost and time to create these will take as 
much effort and money as to develop the systems simply to reach Mars orbit. This is one 
of my justifications for inserting a Mars Orbital Mission into the schedule prior to a land- 
ing mission. One of my concerns is the $20 trillion in national debt, and the annual servic- 
ing of that debt. It may become more of a drag on future exploration missions than most 
would ever think. Just the “daily” increase of the national debt is $2.5 billion. To put that 
into perspective, that is equivalent to the entire eight year cost of the Curiosity mission in 
terms of hardware, software, launch, and mission operations! 

There are vast resources and capabilities needed here on Earth to support those in 
space. For example, the new SLS will require a major effort at the Kennedy Space Center 
to test, checkout, and launch the vehicle(s). Similarly, the boosters and engines need to be 
designed and checked out at the Marshall Space Flight Center and the Stennis Space 
Center. All of the NASA Centers are involved in the design, development, test and certifi- 
cation of a great number of systems and subsystems. The Johnson Space Center is involved 
in the design of new human related systems such as new spacesuits, new environmental 
life support system, new parachutes, and others. A more detailed description of these sys- 
tems and technologies is provided later in this book. 


2.6 RISKS AND SAFETY ISSUES 


While all the NASA and contractor organizations are involved at some level in analyzing 
risks and safety issues, the ultimate oversight falls upon the Aerospace Safety Advisor 
Panel (ASAP) which reports to the NASA Administrator and Congress. It reviews safety 
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studies and operations plans, and advises on hazards related to proposed or existing facili- 
ties and operations. Each year, it reports on its findings and concerns. It is highly focused 
on Exploration Systems Development (ESD) and Commercial Space Development (CSD). 
The design of these systems will have direct impact on the Exploration Program for at 
least the next 40 years. Program management requires to balance cost, schedule and per- 
formance to deliver the product with the highest quality while minimizing schedule delays 
and budget overruns, and while managing risk and assuring safety performance. 

The ASAP acknowledges that space exploration cannot be undertaken free of risk. It 
states that in a heathy environment of risk management, risks should be deliberately and 
thoroughly evaluated. They should be balanced against the gain to be expected from tak- 
ing the risk, and acknowledged candidly and with clear accountability and documentation. 
That said, as of this writing, the panel has stated its concerns in the following areas: 


e Processes for Managing Risk with Clear Accountability not adequately addressed. 

e Many open items on changes to the Orion spacecraft. 

e Deletion of certain pyrotechnic shock/separation testing at the integrated system 
level of the ascent abort system. 

e The Launch Orbit System is only operational on the first crewed flight. 

e Changes in the Orion heat shield to a “molded block Avcoat” needs testing. 

e Planned use of the new environmental control and life support system on the first 
crewed flight to deep space without a LEO flight test. 

e Resolution of certain “zero fault tolerant” failure modes of certain components of 
the Orion Service Module. 

e Interim Cryogenic Propulsion Stage’s vulnerability to micrometeoroid and orbital 
debris and not crew-rated. 

e A new crew-rated Exploration Upper Stage is not yet funded and must be built, 
tested, and certified prior to a crewed flight. 

e Concern for holding to the schedule for the first crewed flight for 2021. 

e Concern about balancing the budget environment with schedule and mission 
content. 

e Concern that specific mission plans have not been developed. 

e Concern that planning for only one SLS flight per year will not support a serious 
Mars Exploration Program. 

e Concern that the budgets will not allow some missions and capabilities until the 
end of ISS operations currently planned for 2024 but could be as late as 2028. 


While these are just the current ASAP concerns, some will be worked off and others 
will be added as the program matures. There will be no end to risk and safety issues and 
concerns, but that is the nature of human space flight. 

Given a Preliminary Mars Orbital Reference Mission and funding, the depth of detail 
will generate the system level and operational trade-offs. As the detailed planning, engi- 
neering, test, and qualification moves toward a Mars Orbital Mission to the moons, more 
hardware and more operational concepts will generate even more issues. 
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The Major Elements and Other Modules 


This chapter describes those elements that are currently planned for a Mars mission but not 
those for the descent, landing, stay and ascent phases, nor conceptual design elements such 
as nuclear and solar electric propulsion systems and advanced aeroshells which aren’t 
needed for an orbital mission. Almost all of these elements make up a significant propor- 
tion of the overall cost of an “all up” Mars exploration mission, and aren’t necessary for the 
precursor mission to the moons. Furthermore, many of the elements are still in the research 
and study phases, and therefore have not been fully funded as yet and will take a significant 
amount of time to develop. The elements necessary for a Mars Orbital Mission to investi- 
gate the planet’s moons include all the vehicles to get a crew into orbit around Mars and 
then back to Earth. Also included are the ground elements to support the flight elements. 
Most of the launch and flight elements are fairly well known and are summarized to define 
what it will take to travel through interplanetary space, enter into Mars orbit, rendezvous 
with its moons, Deimos and Phobos, and return to Earth. In effect, most of the elements for 
an orbital mission are “sunk costs” and only a few more elements are needed, or at least 
desired, to execute such a mission; for example, the Space Exploration Vehicle (SEV) and 
those scientific experiments and deployment tools that would be left on the moons. Some 
of the relatively new technologies that will enable the advances in the state-of-the-art of 
such elements, systems and subsystems will be discussed in the next chapter. 


3.1 SPACE LAUNCH SYSTEM 


3.1.1 Overview 


The Space Launch System (SLS) is the next step in the vehicles that can carry humans and 
cargo into deep space. It is a step beyond the famous Saturn V of the Apollo Program 
which applies the lessons learned from the Space Shuttle and applies the state-of-the-art in 
various technologies. It is an evolvable system in the “super heavy lift” class of launch 
vehicles. The concept originated in 2010, and the inaugural flight will hopefully be the 
first Exploration Mission (EM-1) in 2018. 


© Springer International Publishing AG 2017 17 
Manfred “Dutch” von Ehrenfried, Exploring the Martian Moons: A Human Mission to Deimos 
and Phobos, Springer Praxis Books, DOI 10.1007/978-3-3 19-52700-0_3 


18 The Major Elements and Other Modules 


The term “major elements” usually applies to the SLS, the Orion spacecraft and its 
Launch Abort System and the European Service module, but other major modules and 
spacecraft are also needed for a Mars Orbital Mission and are included here. 

The SLS for a Mars Orbital Mission will most likely be the Block 2 variant, capable of 
lifting 143 tons (130 metric tons) into low Earth orbit. The SLS concept uses a core stage 
212 ft (64.6 m) in length and 27.6 ft (8.4 m) in diameter. It will be made of aluminum 2219 
and will weigh approximately 188,000 1b (85,275 kg) empty. It will employ four advanced 
R-25E engines, a pair of state-of-the-art five-segment solid rocket boosters, and a new 
Exploration Upper Stage which has advanced RL-10 engines. The following sections pro- 
vide more detail and photos. 
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Fig. 3.1 SLS vehicle evolution. (Photo courtesy of NASA) 


The SLS core stage is made up of standard size “barrels” for the propellant tanks, a 
similarly constructed barrel for the engines, an interstage, skirts, domes, rings and caps 
that are welded together using the new “friction stir” technique on specially designed 
equipment installed at the NASA Michoud Assembly Facility in Louisiana. These are 
described in the following sections. 


3.1.2 RS-25 Engines 


Aerojet Rocketdyne is to upgrade its inventory of sixteen RS-25 Space Shuttle engines 
from a thrust of 395,000 lb to achieve 418,000 lb each. The SLS will use four of these 
monsters which are 14 ft tall, 8 ft in diameter and weigh 7,775 lb each. They work in a 
range of minus 423°F to 6,000°F. These engines will be sufficient for four SLS launch 
vehicles. By the time of the Mars Orbital Mission, new RS-25 engines would have been 
built using the basic design but the thrust will be larger at approximately 521,700 lb and 
they will likely weigh a little more, although they must not exceed 8,156 1b. 
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Fig. 3.3 Surplus RS-25 engines at KSC. (Photo courtesy of NASA) 
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Fig. 3.4 An RS-25 engine on a trailer for relative size; 14 ft tall and 8 ft in diameter. (Photo 
courtesy of NASA) 


Fig. 3.5 The Top End is the Heart and the Brain of the RS-25. (Photo courtesy of NASA) 
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Fig. 3.6 RS-25 test firing. Go to YouTube and watch the 535 second firing on July 18, 2015. 
(Photo courtesy of NASA Stennis) 


3.1.3 Liquid Hydrogen Tank 


This is the smaller of the two cryogenic tanks. It is positioned on top of the RS-25 engines, 
and beneath the oxygen tank and the intertank. Five 22 ft tall barrels are welded together 
to make up the tank. They are first vertically welded using the friction stir technique and 
then each barrel is welded horizontally. A dome is welded to the top and bottom of the 
stack of barrels with a ring. 


3.1.4 Intertank 


The intertank is situated beneath the oxygen tank and above the hydrogen tank, and it 
transmits the loads to the core. It also acts as the upper attachment point for the solid 
rocket boosters. This section must undergo separate testing to simulate the prelaunch, 
launch, and flight structural load conditions. 
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Fig. 3.8 The hydrogen tank test article just out of the welding fixture. (Photo courtesy of 
NASA Michoud Assembly Facility) 
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3.1.5 Liquid Oxygen Tank 


The oxygen tank is smaller than the hydrogen tank and consists of two barrels identical to 
those of the hydrogen tank. It is fitted with a top and bottom dome with a ring on each. 

Each tank dome (end cap) is made of “gores” produced by MT Aerospace in Germany, 
that are welded by the friction stir technique. 


Fig. 3.9 Welding an oxygen tank at the Vertical Assembly Center. (Photo courtesy of NASA/ 
Michoud) 
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Fig. 3.10 Manufacturing the domes for each tank in a special jig. (Photo courtesy of NASA/ 
Michoud) 


3.1.6 The Forward Skirt 


The forward skirt not only tops off the core stage but includes the flight computers and 
avionics for the SLS. The exterior of the skirt will have two vehicle stabilization system 
brackets that will enable the SLS to be attached to the launch tower structure for stability 
prior to liftoff, when these attachments will be released instantaneously. Tests at the 
Marshall Space Flight Center are underway to investigate the mechanical shock levels that 
this action will generate. There is a lot of data on this problem from previous vehicles. 


3.1.7 SLS Avionics 


Both the SLS core and the newly designed Solid Rocket Boosters have avionics systems. 
The core avionics have 26 boxes and wires/connectors lining the walls of primarily the 
forward and aft skirt. These include batteries, computers, and controllers to ignite, steer, 
and control the four RS-25 engines. A half ring of the skirt was prepared for test and evalu- 
ation of the SLS avionics in their relative flight positions although inverted for testing 
convenience. Go to YouTube and type in “Building Up the Avionics System for SLS” for 
a 60 second time lapse sequence. 


3.1.8 SLS Solid Rocket Boosters 


The Space Shuttle used solid rocket boosters to assist in overcoming gravity during the 
first two minutes of flight. The loss of Challenger in 1986 highlighted the vulnerability of 
the crew in this phase of a mission. The failure of the joints of the solid rockets to seal 
properly in cold weather led to an explosion that left the crew with no opportunity to 
escape. That event was thoroughly analyzed, and the lessons learned were applied to the 
new design of the solid rocket boosters for the remainder of that program and carried over 
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Fig. 3.11 Preparing the simulated avionics ring to test the SLS avionics. (Photo courtesy of 
NASA) 


Fig. 3.12 Boeing employees (l-r) Wayne Arrington, Gerald Clayton, and Ryan MacKree in 
the System Test and Integration Facility at NASA Marshall Space Flight Center. (Photo cour- 
tesy of Boeing) 


into the upgraded boosters for the Space Launch System that will dispatch crews and car- 
gos into deep space. Modifications to the Space Shuttle booster design includes 25% more 
propellant, a new nozzle design, new asbestos-free insulation and liners, new and advanced 
avionics, and improved nondestructive evaluation processes. 
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The Propulsion Systems Division of Orbital ATK is responsible for making the Solid 
Rocket Boosters for the SLS. This company was established in 2015 by the merger of 
Orbital Sciences Corporation and Alliant Techsystems. The manufacturing and test facility 
for the SLS booster is in Promontory, Utah. Once completed and tested, the booster seg- 
ments are shipped by rail to the Kennedy Space Center, where they are processed at the 
Rotation, Processing and Surge Facility prior to being moved to the Vertical Assembly 
Building where the segments are mated together and the assembled rockets are mated to 
the SLS core. On the launch pad, the boosters carry the entire fueled weight of the SLS. 

The cases which make up the five segments of the solid rocket boosters are insulated 
with an improved material that is lined and prepared for casting of the propellant. The 
propellant is made of ammonium perchlorate for the oxidizer and atomized aluminum for 
the fuel. It also includes a catalyst and a polymer binder with a curing agent. About 
280,000 Ib of propellant is poured into each segment. When cured after four days, the fuel 
looks like a hard rubber eraser and has a very specific internal shape for combustion. 


Fig. 3.13 The first of ten fueled flight segments for the EM-1 mission scheduled for 2018. 
(Photo courtesy of NASA/Orbital ATK) 
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The avionics system for the SLS solid rocket boosters is housed in the forward skirt ring. 
It is responsible for igniting, steering, and jettisoning the two rockets. It includes hardware, 
software, and ground test systems. The system will be tested from ignition through to sepa- 
ration. After the initial testing at Orbital ATK in Utah, the system is sent to the Marshall 
System Integration Test Facility for integrated testing with the SLS avionics. Go to YouTube 
and type in “Preparing the Solid Rocket Booster avionics for Mission Success.” 

The booster nozzle is a complex structure of glass and carbon cloth, steel, and alumi- 
num, and must be able to withstand temperatures as high as 3,700°F. Once all the seg- 
ments are built, they undergo X-ray and ultrasound inspection. The first SLS qualification 
test SRB was completed in 2015 and test fired at a propellant mean bulk temperature of 
90°F, which is the upper end of the launch ambient temperature limit. The second full- 
scale qualification test occurred in June 2016 and was at the lower end of the limit at 40°F. 


Fig. 3.14 A completed SLS SRB ready for qualification test firing in June 2016. (Photo cour- 
tesy of NASA/Orbital ATK) 


Each SLS SRB is 12 ft in diameter and 177 ft long, weighs 1.6 million lb, burns 5.5 tons 
of propellant per second, and yields 3.6 million lb of maximum thrust over 126 seconds of 
flight time. 


3.1.9 Exploration Upper Stage (EUS) 


The current plan is to use the Boeing Interim Cryogenic (liquid H,/O,) Propulsion Stage 
(ICPS) based upon the Delta Cryogenic Second Stage on the first uncrewed flight; perhaps 
the second. This isn’t a crew-rated design, and rather than spend an estimated $150 million 
to achieve that it makes more sense to build a new and more powerful crew-rated design 
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for deep space travel. A new design was originally called the Dual Use Upper Stage, 
renamed the Large Upper Stage in 2013 and then the Exploration Upper Stage in 2014. 
This will be used to place the Orion and its Service Module (or another payload) into low 
Earth orbit. After spacecraft systems checkout, the EUS will be reignited to propel its 
payload into deep space, such as to Mars or another planetary body. The concept is similar 
to the S-IVB used on Apollo. The EUS will provide the final thrust to achieve orbit at 
launch and then reignite for the Trans Mars Injection (TMI) burn. For Apollo, the S-IVB 
third stage of the Saturn V performed these two burns and then it was discarded. The 
Service Propulsion System of the Apollo spacecraft made mid-course corrections, the 
insertion into lunar orbit and the escape back to Earth. 

Boeing, the EUS manufacturer, envisions three versions of this upper stage to accommo- 
date a variety of deep space missions. Their main differences are with the engines, as follows: 


e A four RL-10C2 engine version with a total of thrust of 99,000 Ib. 

e A two MB-60 engine version with a combined thrust of 120,000 Ib. 

e A single J2X engine version with a thrust of 294,000 lb (which is three times that 
of the four engine version). 


Its use for other maneuvers will depend on how the EUS is designed and how many 
restarts it is capable of making. Of course, the amount of propellant will also be a deter- 
mining factor. The EUS is a much larger stage than the ICPS which only has one RL-10B2 
engine with a thrust of 24,800 Ib. The current Boeing concept shows a vehicle that is up to 
60 ft (18.2 m) long and 27.6 ft (8.4 m) in diameter, making it even larger than the Apollo 
S-IVB which was 58.9 ft (17.95 m) long and 21.7 ft (6.6 m) in diameter. 


Fig. 3.15 The Apollo S-IVB for comparison. (Photo courtesy of NASA) 
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Fig. 3.16 The Boeing ICPS attached to the Service Module and Orion. (Photo courtesy of 
NASA/Boeing) 


Fig. 3.17 An artist’s rendering of the Exploration Upper Stage firing the four RL-10C2 
engines. (Photo courtesy of NASA/Boeing) 


Boeing chose to build the EUS with a 27.6 ft (8.4 m) diameter for the hydrogen tank in 
order to use the same tooling that makes the SLS core stage at the Michoud Assembly 
Facility. This will achieve economic benefits from the commonality of subsystems, pro- 
cesses, and personnel. The oxygen tank is only 18 ft (5.5 m) in diameter. The empty weight 
of the EUS is 13 tons (11.8 metric tons). The total weight of the fueled, four engine EUS will 
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be dependent on the mission and the maximum lift capability of the SLS. The maximum total 
fueled weight is approximately 131 tons (119 metric tons). The single J2X engine version is 
approximately the same size as the four engine version of the EUS but with thrice the thrust 
at 294,000 Ib it will be able to lift more into LEO. However, the J2X weighs twice as much 
as all four RL-10C2 engines combined. The stage is designed to not exceed 60 ft in length. 


3.2 ORION MULTI-PURPOSE CREW VEHICLE 


3.2.1 Overview 


The spacecraft concept originated in 2004 as the Orion Crew Exploration Vehicle, which 
was to have been launched by the Ares V rocket. It evolved over the years and survived 
the cancellation of the Constellation Program in 2010 to become the Orion Multi-Purpose 
Crew Vehicle (MPCV) to be launched on the Space Launch System. It retained the name 
Orion because MPCV is more of an adjective than a real spacecraft name. It does not role 
off the tongue like Mercury, Gemini, or Apollo. 

Orion consists of two main modules, just like Apollo with its Command Module and 
Service Module. But the similarity ends there. While Orion takes the basic design concept, 
it uses state-of-the-art technology and provides enhanced capabilities. It is also designed 
to be upgradable as new technology is developed. Orion is intended for long duration deep 
space travel; be this to the Moon, an asteroid, or Mars. It is therefore much larger than 
Apollo, having 50% greater volume to carry a crew of four. Although about the same 
height as Apollo at 11 ft (3.4 m), its diameter is several feet wider at 16.5 ft (5.02 m). 

However, four astronauts will not be able live in Orion for many months, let alone a 
year. A trip to Mars will require a habitation module similar to those of the International 
Space Station. Because Orion will be used for reentry to the Earth’s atmosphere it must 
include the necessary basic control, life support, and thermal protection systems. It must 
also be capable of being left unattended for very long periods while traveling in interplan- 
etary space and then be reactivated for specific operations and the final phase of the mis- 
sion. Since the crew will live in the habitat during their long interplanetary cruise, perhaps 
they will have to periodically power up the Orion to verify its systems, check the naviga- 
tion, and execute mid-course corrections. 


3.2.2 Pressure Vessel 


Having seen the Mercury, Gemini and Apollo spacecraft, one look at the Orion and you 
know “This isn’t your father’s Oldsmobile.” A photo which shows the major welds of the 
Orion is a good place to start looking at how the spacecraft is constructed. Each section is 
machined from aluminum-lithium alloy similar to the External Tank of the Space Shuttle 
and other rockets. 

The five machined sections of the EM-1 Orion are being assembled at the NASA 
Michoud Assembly Facility. This work started in September 2015 and was finished in 
January 2016 using the state-of-the-art friction stir welding process that is described later 
in this book. The pressure vessel provides a sealed environment for the crew and their life 
support equipment. 


Panels 


Fig. 3.18 The five major parts and seven welds of the Orion pressure vessel. (Photo courtesy 
of NASA) 
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Fig. 3.19 The Orion pressure vessel being welded in a massive holding fixture by the 
friction-stir welding machine. (Photo courtesy of NASA Michoud Assembly Facility) 
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Fig. 3.20 The completed pressure vessel for EM-1 ready for pressure testing and outfitting. 
(Photo courtesy of NASA/KSC Neil Armstrong Operations and Checkout Building) 


3.2.3 Heat Shield/Thermal Protection 


Owing to the size of the heat shield, and taking in to account advances in technology and 
the experience of the EFT-1 heat shield on December 5, 2014, NASA decided to build the 
EM-1 Orion Heat shield in blocks instead of as a monolithic structure. The EFT-1 heat 
shield was a design that required 320,000 individual cells to be filled with Avcoat by hand. 
It performed satisfactorily for that flight, but was below expectations. Manufacturing it in 
that manner was also very labor intensive and expensive. AVCO made the ablative heat 
shield for Apollo and that company was later acquired by Textron Defense Systems, the 
Lockheed Martin subcontractor for the Orion heat shield. 

The EM-1 and later flights will experience colder deep space temperatures and hotter 
reentries requiring a stronger heat shield. The new design has a titanium skeleton with a 
carbon fiber skin. Covering the underlying structure are 180 blocks of Avcoat — a 
fiberglass-phenolic honeycomb structure originally used on the Apollo Command Module 
and since upgraded. This product has been thoroughly tested and is considered a mature 
technology. 
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Fig. 3.21 The Orion heat shield test article being covered with Avcoat blocks. (Photo cour- 
tesy of Lockheed Martin Denver) 


Called the back shell, the upper portion of the conical Orion capsule also requires a 
thermal protection system. Although not experiencing the extreme heat of the heat shield 
on the base, the back shell experiences temperatures in the range minus 150°F to plus 
550°F. There are 970 tiles similar to those of the Space Shuttle. They are 1.47 in (3.73 cm) 
thick (as can be seen by looking at the edge of the opening to the pressure vessel). 


Fig. 3.22 Installing a back shell panel for the ETF-1 Orion in the Operations and Checkout 
Building at KSC. (Photo courtesy of NASA/Dimitri Gerondidakis) 
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Fig. 3.23 The completed back shell installation on the upper portion of the Orion ETF-1. 
(Photo courtesy of NASA/KSC) 


3.2.4 Reaction Control System 


Aerojet Rocketdyne is building the Orion Reaction Control System (RCS) as a subcon- 
tractor to Lockheed Martin. These are based on the MR-104 family of thrusters that have 
been utilized on several spacecraft. The Orion will use the MR-104G version which pro- 
vides 160 Ib (712 N) of thrust each. A total of twelve thrusters are arranged in eight pods. 
There are four single-thruster pods and four dual-thruster pods to provide primary and 
backup capabilities. Two of these pods are located in the crew module’s forward bay and 
the remaining ones in the aft bay. The system provides full three-axis attitude control for 
the emergency abort possibility as well as for in space maneuvers and reentry, descent, and 
landing. They will be deactivated upon landing. 

There are several new design features, including a new 120 volt series-redundant pro- 
pellant valve, a 120 volt/40 watt catalyst bed heater, a new chamber pressure transducer, 
and an integral thruster mount. This was done to complete the shock and vibration envi- 
ronment requirements of the spacecraft. After the EFT-1 test flight, further changes were 
made to cope with the increased thermal environment of reentry from deep space on later 
missions. These changes were verified in the Critical Design Review in late 2015. 

Hydrazine (N>H,) is used as the thruster monopropellant. This is stored in two separate 
tanks pressurized from independent high pressure helium supplies. The hydrazine decom- 
poses over a heated metallic catalyst bed to produce large quantities of ammonia, nitrogen 
and hydrogen gas for a very small amount of input liquid. It is a fairly efficient thruster 
propellant with a specific impulse of about 220 seconds. These thrusters are capable of 
operating across a broad range of pressures. 
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3.2.5 Avionics 


Overview 
Orion’s avionics system consists of six main subsystems as follows: 


e Command and Data Handling (C&DH). 

e Guidance, Navigation and Control (GN&C). 
e Communications and Tracking (C&T). 

e Displays and Controls (D&C). 

e Instrumentation. 

e Power. 


Redundant components are provided for the majority of subsystems. The integration 
and testing was carried out in a number of development laboratories, involving NASA and 
contractor personnel over many years. 


Command and Data Handling 

Orion utilizes a space qualified version of an aviation computer built by Honeywell 
International, Inc. It is powered by the IBM PowerPC 750FX processor running at 
900 MHz with a bus speed of 166 MHz. There are two processors in a flight computer in 
a self-checking pair arrangement, of which there were two in the spacecraft for the EFT-1 
flight. The multi-year trip to Mars will likely require four computers. 

These computers are not state-of-the-art from a consumer’s point of view, but they have 
been configured to survive vibration and shock, radiation, the vacuum of space, and elec- 
tromagnetic compatibility. NASA thinks of this as an example of adapting commercial 
off-the-shelf (COTS) technology to reduce the cost and shorten the time of development 
of space hardware. Although the processors are similar to the chip in the iBook G3, they 
are installed on thicker circuit boards, have vibration resistant fasteners, and are radiation 
shielded. The radiation hardened 750FX was used on the Mars Reconnaissance Orbiter 
and the Mars Science Laboratory “Curiosity” rover. 

Data transfer to all the subsystems, controls, and displays in the Orion spacecraft is by 
a | gigabyte per second Time-Triggered Ethernet (TTGbE) network first developed by an 
Austrian company, TTTech. They worked with Honeywell to commercialize the technol- 
ogy, and they in turn worked with Lockheed Martin and NASA to use it in Orion. There 
are three separate links connecting all the computers and systems. The TTGbE technology 
is now an industry standard. The data messages are prioritized by urgency and criticality; 
for example, a command to fire a thruster on time versus video. 


Guidance Navigation and Control 

Honeywell provides the Orion Inertial Measurement Unit (OIMU). There were two in 
EFT-1 and will be three in later spacecraft. This includes a three-axis gyroscopic system 
to accurately track spacecraft attitude and body rates. The unit uses radiation hardened 
components and is internally redundant. When in the vicinity of Earth, the unit will be 
augmented by the Honeywell Global Positioning System Receiver (GPSR) with special- 
ized algorithms for high altitude and vehicle velocity. Images by star trackers supplied by 
Ball Aerospace will be analyzed by the computer to determine the vehicle’s orientation. 
Honeywell also provides three Baro-Altimeters that are used for altitude determination 
before splashdown. 
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Communications and Tracking 

Ball Aerospace is a Lockheed Martin contractor for the Visual Navigation Sensor (VNS) 
which will be used to rendezvous and dock with other vehicles. They also provide the 
docking cameras and the eight phased array antennas for communications. These antennas 
are the primary means of voice, data, and video communications. 


Displays and Controls 

Engineers, astronauts and human factors people have been working on the controls and 
displays for the Orion spacecraft for many years. While you would expect the move to a 
“glass cockpit,” Orion has gone much further toward efficient control of the spacecraft as 
well as optimizing the crew’s understanding of the situation and clarity of the required 
responses. 

In view of the many different modes of space travel (launch, abort, rendezvous, reentry, 
etc.) the displays must match the mode and present the required normal and emergency 
information. The crew will often require the operational procedures to accomplish the 
required actions. This requires determining the optimum way to display such information. 
The world of the spacecraft cockpits has changed dramatically since Apollo and the early 
Space Shuttle. Later in the Shuttle Program, next generation glass cockpit systems replaced 
the heritage CRTs with incorporation of the company’s Multifunction Electronic Display 
System (MEDS), which was a modified Boeing 777 display. The Orion cockpit displays 
continue this heritage with Honeywell displays derived from those found on the Gulfstream 
and Dassault Business Jets and the Boeing 787 Dreamliner. 

One way NASA and its contractors have approached this vast set of human factors 
problems is to use a Rapid Prototyping Laboratory (RPL) to explore the various options 
before settling on flight software and hardware. With the help of experienced flight crews, 
operations personnel, control systems designers and human factors people, the team can 
carry out many iterations of possible design solutions before committing to a hard deci- 
sion. The flight manuals that earlier spacecraft carried included a lot of paper for normal 


Fig. 3.24 One of eight phased array antennas to be installed on the exterior of Orion. (Photo 
courtesy of Ball Aerospace) 


Orion Multi-Purpose Crew Vehicle 37 


and emergency procedures. Now, a new concept and system call “eProc” provides elec- 
tronic procedures that are integrated with the operation which is being performed, with the 
system cueing the appropriate displays and commands. Additional information can quickly 
be accessed. This is also coupled with the caution and warning system. 

The purpose of all this research conducted over the years is to ensure that crewmembers 
have accurate and easy interactions with the controls, displays and eProc. As a result of 
these tests and evaluations, crew errors have occurred that were solved by simple display 
improvements such as highlighting a pump that was switched on or by improving the vis- 
ibility of a related icon. All of these requirements are documented and in most cases, 
standards have been developed. 


Power 

Power from the Service Module solar arrays goes to Power Control and Distribution Units 
in the Service Module and then to two Power and Data Units in the Crew Module Adapter. 
From there, power is received by the Crew Module’s six Power and Data Units that control 
the charge of the six lithium-ion batteries and distribute power using four independent 120 
volt power buses to all Crew Module loads. This new arrangement is an improvement over 
the traditional 28 volt power systems. 

The batteries are manufactured by Yardney Technical Products. Each weighs 99 Ib 
(44.8 kg) and consists of a stack of four cells, with eight NCP25-5 cells in each bay creat- 
ing a capacity of 30 amp-hours per battery. This new design required extensive evaluation 
and testing. 


3.2.6 Parachutes and Recovery Systems 


The Orion parachute system consists of 11 parachutes. These are compressed and packed 
to the density of oak wood and mortars shoot them out of the forward bay in series. After 
reentry, three small 7 ft (2 m) parachutes pull off the forward bay cover at about 26,500 ft 
(8 km) altitude while the capsule is falling at about 324 mph (Mach 0.5). Then two 23 ft 
(7 m) diameter drogue chutes are deployed at about 25,000 ft (7.5 km) in order to stabilize 
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Fig. 3.25 An Orion 32 cell lithium-ion battery. (Photo courtesy of Yardney Technical Products) 
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Fig. 3.26 An Orion main control panel. NASA has focused the design on just three main 
screens with two displays in each. Notice there still are guarded switches for the astronauts’ 


gloves. There are also cursor control devices, hand controllers, and display input devices. 
(Photo courtesy of NASA) 


Fig. 3.27 A test crew evaluating the control panel. (Photo courtesy of NASA/Robert 
Milkowitz) 
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Fig. 3.28 A crew of four checkout the arrangements. (Photo courtesy of NASA/Robert 
Milkowitz) 


and decelerate from approximately 324 mph to about 130 mph (58 m/s). They are pyro- 
technically cut away after about one minute, and three pilot chutes with a diameter of 11 ft 
(3.4 m) are briefly deployed to help to pull out and deploy the three main chutes, each 
116 ft (35 m) in diameter. This occurs at approximately 8,000 ft. The mains inflate in 
stages called “reefs,” gradually opening to their full capacity to ease the loads. They would 
cover a football field. 

The Orion touches down in the water at approximately 17-20 mph (9 m/s). The cano- 
pies are made of nylon. The risers and other cords are made of Kevlar. They are extremely 
lightweight for their size and must operate to slow the spacecraft down before impacting 
the ocean. During preliminary tests and during the EFT-1 flight, the system performed 
flawlessly. Seeing them is reminiscent of the three orange and white parachutes of Apollo. 
You can watch various Orion parachute tests on YouTube by typing in “NASA completes 
successful Orion parachute tests.” 

Recovery of the astronauts and spacecraft is a joint NASA-DOD effort that requires a 
vast amount of resources — including equipment, ships, planes, and crews. Ships and heli- 
copters are deployed in the planned recovery area ready to retrieve the spacecraft in any 
type of sea. The astronauts remain in their spacecraft while Navy divers secure it and take 
steps to tow it to the recovery ship. These activities have been practiced on “boiler plate” 
spacecraft as well as during the recovery of the uncrewed EFT-1 Orion. Specially designed 
air bags and cradles will secure the Orion in the ship’s well deck for the trip back to land. 

In the future, once the spacecraft is safely secured, a special platform will be posi- 
tioned to allow the astronauts to exit and proceed to the ship’s sick bay for medical 
examination. 
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Fig. 3.29 Navy crews recover the EFT-1 Orion on December 5, 2014. (Photo courtesy of 
U.S. Navy) 


Fig. 3.30 The EFT-1 Orion aboard the USS Anchorage. (Photo courtesy of the U.S. Navy) 
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3.2.7 Launch Abort System 


The Launch Abort System (LAS) consists of three new solid rocket motors. The abort 
motor built by Orbital ATK delivers nearly 500,000 Ib of thrust to hoist the Orion space- 
craft up and away from the SLS. Its thrust is greater than the Atlas which launched John 
Glenn’s Mercury spacecraft into orbit. The attitude control motor, which was also built by 
Orbital ATK, exerts 7,000 lb of steering force to reorient the vehicle’s position to the 
proper attitude for the main parachutes. The Aerojet Rocketdyne jettison motor separates 
the abort system from the Orion prior to the latter deploying its parachutes for recovery. 


Fig. 3.31 The Orion Launch Abort System. (Photo courtesy of NASA) 
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There are four abort modes depending on progress through the launch phase: 


Mode One: From liftoff to the jettisoning of the solid rocket boosters; approxi- 
mately at 300,000 ft (91 km). The LAS has a set of steering rockets that will guide 
the spacecraft away from the SLS and prepare it for separation and splashdown. 
Mode Two: After the LAS has been jettisoned, the Orion/Service Module will sepa- 
rate using either the Service Module’s engine or smaller control engines to maneu- 
ver away from the SLS. 

Mode Three: After the SLS places the Orion/SM into an initial orbit, the crew can 
plan to retrofire in order to land in the Pacific, at Edwards AFB in California, or at 
White Sands in New Mexico. This mode is similar to the “Abort Once Around” of 
the Space Shuttle. 

Mode Four: In the case of a less than ideal orbital insertion, the SLS can be restarted 
to place the Orion into an orbit that can be adjusted by using the SM. This is similar 
to the “Abort To Orbit” of the Space Shuttle 


Go to YouTube and type in “Orion Launch Abort System Pad Abort (PA-1)” to watch 
the test at White Sands. Notice the Attitude Control Motor firings at the top reorienting the 
spacecraft so the parachutes can be deployed. 


3.2.8 Exploration Flight Test (EFT-1) 


The first uncrewed flight of the Orion was on December 5, 2014. Launched on a Delta IV 
Heavy from Cape Canaveral, it was a four hour, two orbit test to validate various systems 
including the separation events, avionics, heat shield, parachutes and recovery operations. 
It flew to an altitude of 3,600 miles (5,800 km) and reentered at 20,000 mph (32,000 km/h) 
to subject the heat shield to approximately 4,000°F (2,200°C). Analysis of the flight was 
included in the Critical Design Review of April 2015. Go to YouTube and type in “Orion 
Soars on First Flight” and “NASA’s Orion Exploration Flight Test EFT-1 Animation.” 
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Fig. 3.32 The EFT-1 flight profile. (Photo courtesy of NASA) 
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3.3 EUROPEAN SERVICE MODULE 


3.3.1 Overview 


The European Service Module (ESM) is considered one of the three major components of 
the Orion vehicle, in that it is an integral part of it. The Orion is totally dependent on it for 
orbital transfer propulsion, attitude control and, if necessary, for high altitude ascent 
aborts. The ESM generates and stores power and provides thermal control (radiators and 
heat exchangers), water and air (oxygen and nitrogen) for the crew. It is jettisoned just 
before the spacecraft reenters the atmosphere to return to Earth. It is connected by the 
Crew Module Adapter and actually extends into the adapter. The ESM is an evolution of 
the Automated Transfer Vehicles which ESA built to supply the ISS. The main contractor 
is Airbus Defence and Space in Bremen Germany, with many subcontractors and suppliers 
all across Europe. 
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Fig. 3.33 The Orion and its European Service Module. (Photo courtesy of Airbus) 


3.3.2 Structure and Contents 


The structure holds four propellant tanks; two for mixed oxides of nitrogen (MON) and 
two for monomethyl hydrazine (MMH). In the center are two high pressure helium tanks 
for controlling the pressure of the propellants. There are also propellant lines with filters 
and shut-off valves. In all, the system holds 9 metric tons of propellant. 
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Fig. 3.34 An internal view of the ESM showing the four tanks and helium spheres. The outer 
fairings that enclose the structure are not attached. The bottom of the ESM sits in the adapter 
that mates the spacecraft with the launch vehicle (the Spacecraft Adapter) and the top pro- 
trudes into the Crew Module Adapter. (Photo courtesy of Airbus) 


3.3.3 Propulsion Systems 


There are a total of 33 propulsive units (engines) in the ESM. The single main engine 
produces a thrust of 5,778 Ib (25.7 KN). For the first flight it was a refurbished Shuttle 
Orbital Maneuvering System Engine that could be gimballed in pitch and yaw. There are 
eight fixed Aerojet R-4D-11 thrusters delivering 110 lb (490 N) of force that are deriva- 
tives of those used on Apollo and also used on the ATVs that serviced the ISS. There are 
also six pods of four each for attitude control mounted on the sides. 


3.3.4 Solar Arrays 


Each of the four solar wings that power the Orion is over 21 ft (7 m) long and consists of 
1,242 state-of-the-art transducer cells. The wings are designed to flex up to 60° front to 
back. With the panels extended, the overall diameter of the ESM is 62 ft (19 m). The sys- 
tem can produce 11.1 kW of power. 

The solar arrays are folded along the sides of the ESM for launch and protected by 
panels that are jettisoned once in space. 
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Fig. 3.35 A bottom view of the ESM test article at the NASA Plum Brook Station in Ohio, 
showing the engine and some of the auxiliary thrusters. (Photo courtesy of ESA/NASA/ 
Airbus) 


Fig. 3.36 One of the four solar cell wings for the ESM. (Photo courtesy of Airbus) 
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Fig. 3.37 An artist’s rendering of the ESM in flight showing the main engine, the Aerojet 
thrusters, and the attitude control thruster pods. The wider Crew Module Adapter can be seen 
between the ESM and the Orion. (Photo courtesy of ESA/NASA/Airbus) 


3.4 DEEP SPACE HABITATION AND LOGISTICS MODULES 


3.4.1 Overview 


The Advanced Exploration Systems Division of the NASA Human Exploration and 
Operations Mission Directorate has been investigating habitats for over a decade. Major 
study efforts and demonstration projects are underway at the Marshall Space Flight Center 
as well as the Johnson Space Center. Support studies are also going on in other Centers, 
many contractors, and several universities. Also involved are contractors with specific 
support contracts, including Boeing and Lockheed Martin. As of late 2016, NASA has 
solicited more concept studies as part of the Next Space Technologies for Exploration 
Partnerships Program called NextStep-2. 

NASA has selected six U.S. companies to develop ground prototypes and concepts for 
deep space habitats: 


e Bigelow Aerospace of Las Vegas, Nevada. 

e Boeing of Pasadena, Texas. 

e Lockheed Martin of Denver, Colorado. 

e Orbital ATK of Dulles, Virginia. 

e Sierra Nevada Corporation’s Space Systems of Louisville, Colorado. 
e NanoRacks of Webster, Texas. 
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The six partnerships will have up to approximately 24 months to develop ground pro- 
totypes and/or conduct concept studies for deep space habitats. NASA has estimated the 
combined total of all the awards that cover work in 2016-2017 at approximately $65 mil- 
lion, with additional efforts and funding continuing into 2018. The individual awards are 
dependent upon contract negotiations. Selected partners are required to contribute at least 
30% of the cost of the overall proposed effort. 

While some of the studies in the past have focused on lunar and asteroid missions, the Mars 
Orbital Mission would need a habitat capable of supporting a crew for 1.5-2 years. That is a 
lot of fuel, food and other consumables. And there will also be vehicles and equipment that 
will be unique to the mission. To date, the focus of the design has been on the lessons learned 
from the ISS, which are considerable. Once on the way to Mars, the Orion will be powered 
down and the crew will move into the habitat module for the long flights to Mars and back. 


3.4.2 ISS Derived Deep Space Habitat Module (Hab) 


The terminology for lessons learned from building and operating the International Space 
Station is “ISS derived.” Many astronauts and cosmonauts now know what it is like to live 
in space for extended periods, in a few cases for a year. 

The very subtle changes to a habitat for a deep space mission include, for a unique 
example, having a space for someone to brush their teeth while someone else is using the 
toilet. This will make a habitat more livable on long missions. Just the desire to have a full 
body shower (known as “whole body cleansing”) can make such a flight more tolerable. 

Other lessons that will be factored into the design include: 


e Acoustic insulation, personal control over temperature and air flow, adjustable 
lighting, data/power access, and private communications. 

e Increased available volume per person. 

e A larger Waste Hygiene Compartment. 

e A design that takes advantage of the curvature of the pressurized shell. 

e More space for personal provisions. 

e More space for long-term stowage. 


The Hab will be the primary living space for the Mars crew of four (as yet, I haven’t seen 
any design concepts for six). It will include the living and sleeping quarters, science stations, 
a multi-purpose galley/exercise area/wardroom, and plenty of stowage areas. It will include 
an advanced, regenerative Environment Controlled Life Support System (ECLSS) as dis- 
cussed in Chap. 4. It will also include Micrometeoroid Debris Protection Shields derived 
from ISS/Shuttle. Water and stowage sections will be arranged to provide a safe location for 
the crew against space radiation. Chap. 5 discusses radiation and countermeasures. 

These are only a few of the lessons learned from the ISS which will have a significant 
impact on the design of the Habitat Module and Logistics Module. Some current designs 
are focused on a module 59 ft (18 m) long and 16 ft (4.9 m) in diameter. To put this into a 
common perspective, the standard Intermodal Container you see carried on freight trains 
and stacked high on ships is 40 ft (12.2 m) long, 8.5 ft (2.6 m) high, and 8 ft (2.44 m) wide. 
The total Hab mass (including the expendables, consumable fluids, and some reserves) 
comes to approximately 100,400 1b (45,577 kg). The Hab will be launched separately and 
parked in orbit. The Orion will rendezvous with it prior to leaving for Mars. 
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3.4.3 Multi-purpose Logistics Module (MPLM) 


The term MPLM was introduced for pressurized cargo modules that were carried in the 
Shuttle payload bay and temporarily mated with the ISS for payload transfer. In addition, 
there was the self-propelled Advanced Transfer Vehicle. The cargo concept for the Mars 
mission is the same, only there will be no opportunity for resupply during the mission. 
Imagine going on a two year trip with your family in your car and there was no place along 
the way to get fuel or food. You would need a tractor trailer full of supplies behind you and 
another one behind that for the fuel needed by the tractor. While the Hab will have some 
storage capability, the bulk of the “stores” will be carried in the Logistics Module. 

Current concepts for Mars include both metallic shells and inflatables such as the 
Bigelow Expandable Activity Module (BEAM) that is currently being evaluated on 
the ISS. I'd expect the first Mars mission to have an ISS derived metallic design owing to 
the vast amount of data and testing of such structures. 

The Logistics Module will incorporate at least two Common Berthing Mechanisms, a 
NASA Docking System Adapter, and very likely a cupola. It will serve as a hub for the 
various docked Space Exploration Vehicle(s) and be packed with all the supplies and 
equipment for a two year mission. It will probably have the same diameter as the Hab but 
be shorter; on the order of 21 ft (6.4 m). Hence the overall length of the combination will 
be about 90—100 ft (28-30 m). 


Fig. 3.38 Deep Space Habitat, Tunnel/Air Lock, and Logistics Module. (Photo courtesy of 
NASA) 


3.4.4 Tunnel/Air Lock 


A tunnel with air locks will connect the Habitat Module and Logistics Module together. It 
will also provide a place to dock the Space Exploration Vehicle(s). It could provide a place 
to attach solar panels, radiators, meteor shielding, and various other systems. This may 
also be a place to clean the EVA suits prior to entering the Hab (if not simply left in the 
SEV). Depending on the desired degree of redundancy for crew safety, other vehicles may 
be attached. Some people call the total collection the “stack” and others call it the 
“mothership.” 
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Fig. 3.39 The minimum vehicle to Mars orbit. The “stack” is on the order of 174 ft long by 
62 ft with solar arrays. (Photo courtesy of NASA) 


3.5 SPACE EXPLORATION VEHICLE 


The Lunar Rover Vehicle or “Moon Buggy” created for Apollo was, in effect, the first 
crewed space exploration vehicle. It was the Model T of surface exploration vehicles that 
allowed pairs of astronauts wearing pressure suits and life support back packs to explore 
far from the landers on three missions in 1971 and 1972. During the decades, there have 
been many concepts for an exploration vehicle for our Moon as well as for asteroids and 
planets. But in the last decade the NASA JSC Advanced Explorations Systems Program 
looked at many concepts and approached the problem from a modular, multi-mission 
point of view. They focused on an adaptable design which ranged from unpressurized 
excursion vehicles to pressurized vehicles and mobile surface habitats with more signifi- 
cant capability. These adaptable concepts include vehicles that can fly, to those that hop 
and traverse in a more conventional way. 

In keeping with the purpose of this book, namely a precursor mission to explore Deimos 
and Phobos, let us examine the minimal design for the first flight to the Martian system. 
That means flying from the “stack” to the surface of each of the Martian satellites to col- 
lect samples from a few locations, leave some ALSEP-like scientific experiments there, 
take pictures, and return to the comfort of the “mothership.” This can be accomplished 
“sortie” style, whereby two pairs of astronauts take turns to fly to the surface of each 
moon. Bearing in mind that if the “stack” stays in a high Mars orbit (HMO), it will be a 
trip of several thousands of miles to either moon. If the “stack” can be maneuvered into 
the orbital plane of each moon in turn, then such flights will be considerably simpler (see 
Sect. 6.4 on Trajectory Considerations and Appendix 6 on Station Keeping). 

The key constraints in the selection of the optimum vehicle design are not just the cost 
of the vehicle but the fuel penalty for carrying the vehicle on the first precursor flight. 
Some plans call for the SEV to be pre-launched and placed in HMO. This would require a 
rendezvous to add the SEV to the “stack.” Another issue would be the crew safety and the 
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reliability of flying the SEV repeatedly. But of course, the rationale for the precursor mis- 
sion will be to get the experience as well as the samples ahead of attempting the far more 
risky tasks of a Mars landing and extended duration surface operations. It seems clear that 
such a first mission would not have an extensive mobile vehicle or a habitat type of 
SEV. This leaves three options: an unpressurized vehicle that can fly the suited EVA astro- 
naut to the surface of a moon, a pressurized vehicle that can fly to a moon, station keep and 
land, and a pressurized vehicle that can land on a moon and then hop or otherwise translate 
around. All such vehicles should have the capability to pick up samples and leave experi- 
ments. Hopping around makes more intuitive sense when you realize how weak are the 
gravitational fields of the Martian moons, enabling a hop to cover a considerable distance 
to obtain samples from widely separated sites. A minimal capability in such an environ- 
ment would be a suited astronaut with a jet pack and some ability to take samples and 
return. Next would be an EVA astronaut in/on an unpressurized vehicle that could carry 
more tools and equipment and possible leave an experiment on the surface. 
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Fig. 3.40 One in-space concept of an SEV. (Photo courtesy of NASA) 


One concept for a pressurized SEV includes many state-of-the-art systems, such as a 
control system, a docking port, and manipulator arms to lift samples and transfer them for 
preliminary analysis. One astronaut could go out to work while the other one station keeps 
the vehicle. When their sampling activity is complete, they fly back to the “stack.” 

A basic pressurized cockpit would normally accommodate a crew of two and offer emer- 
gency provisions for four. The vehicle might sit upon a reaction control system module or on 
a mobile module with either wheels or a hopper system. The surface version would attach to 
a chassis. A 12 wheel version would be the size of a pickup truck and be capable of driving 
in any direction. The precursor mission would not require this surface exploration variant. 
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Fig. 3.41 A SEV being mounted on a chariot for surface operations. (Photo courtesy of 
NASA JSC) 


3.6 SPACE COMMUNICATIONS, TRACKING AND NAVIGATION 


NASA has been communicating with spacecraft for over 50 years. There are now three 
space communications networks. The primary net for a specific mission depends upon the 
spacecraft’s distance from Earth. The first was the Mercury Space Flight Network. This 
evolved over a half century into the Near Earth Network using ground-based stations dis- 
tributed around the world. Satellites and vehicles such as the ISS can also use the Space 
Network, which is a constellation of Tracking and Data Relay Satellites (TDRS) in geo- 
synchronous orbit, the first of which was launched in 1983. These are now in their third 
generation of spacecraft called the K, L, and M series (the later to begin in 2017). The 
Goddard Space Flight Center manages and operates the Near Earth Network and the Space 
Network. Spacecraft in deep space communicate using the large antennas of the Deep 
Space Network (DSN) managed and operated by the Jet Propulsion Laboratory. 

Orbital and surface missions to Mars will use all three networks. There are plans to 
improve the communications capability of both ground and flight systems as the state-of-the- 
art evolves. The NASA Technology Roadmap looks ahead to 2020-2035 and has identified 
high level goals for communications, navigation, and orbital debris tracking as follows: 


e Communications: 
— Increased data rates (a shift from S-band to Ka-band). 
— Increased security. 
— Assured data delivery. 
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e Navigation and Timing: 
— More accurate vehicle tracking. 
— Ability to track more vehicles with accuracy. 
— Automated or autonomous trajectory and maneuver planning. 
— More accurate and stable time for more precise navigation. 
e Orbital debris tracking: 


— Track 10-100 times smaller debris (currently tracking 22,000 objects larger than 
10 cm, estimated 500,000 larger than 1 cm, and over 100 million larger than 1 mm). 
— Reduce tracking time to accommodate more targets. 

NASA sees enormous potential to develop optical communications to a level of avail- 
ability that matches that of radio frequency communications. Extending the Internet to 
deep space will require the development of new protocols and network topologies and new 
ways of providing a secure environment for vital communications links. There already is 
a separate Internet Protocol capability between the ISS and Earth. The ISS has a disruption 
tolerant network (DTN). In the near future, optical communications will achieve 6 gigabit 
per second rates to LEO and to GEO. Currently, TDRS operates at 258 megabits per sec- 
ond but experiments have demonstrated higher rates. 

By the time of a precursor Mars Orbital Mission in the 2030s, the state-of-the-art in 
ground communications, tracking and navigation, along with the onboard capabilities of 
the Orion, will permit autonomous position, navigation, timing, rendezvous, docking and 
formation flying. 

We are already developing some of the ground and flight based communications and 
tracking systems for an Exploration Program, so by the time of the Mars missions many of 
these systems will be at least 20 years old and may have already been upgraded or replaced. 


Fig. 3.42 Radome for the new SLS launch S-band radar 2016. (Photo courtesy of NASA/ 
Kim Shiflett) 
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Fig. 3.43 TDRS K, L and M satellites. They will probably be beyond their lifetime by the 
Mars mission and a fourth generation will have been designed and flown. (Photo courtesy of 
Boeing) 


Fig. 3.44 Canberra’s DSN antenna. (Photo courtesy of the Canberra Deep Space 
Communications Complex) 


54 The Major Elements and Other Modules 


By the time we start flying Mars missions, JPL will have updated the digital parts of the 
DSN receivers and be using a higher carrier frequency and correspondingly increased data 
rates. It will be the primary means of communicating with an Orion spacecraft in deep 
space. As they say at JPL: “Don’t leave Earth without us.” 


3.7 GROUND SYSTEMS DEVELOPMENT AND OPERATIONS 


3.7.1 Overview 


The Kennedy Space Center is evolving to support several different kinds of launch vehi- 
cles and spacecraft for both government and private industry. Most of the pad complexes 
and capabilities were originally designed for a single vehicle such as the Apollo Saturn 
and Space Shuttle. Some of the equipment has not been used in decades and is obsolete. 
They were developed without the advantage of modern advanced technology. Major work 
is underway to support future missions, including those of the Orion spacecraft and Space 
Launch System. Commercial launch vehicles are also being supported, but the major 
effort is for missions to the Moon, asteroids and planets. 

The KSC Ground Systems Development and Operations (GSDO) Program is charged 
with preparing the center to process and launch the next generation of rockets and space- 
craft that are in development. This work includes many facilities, but this section will 
provide a summary of those facilities that would be utilized for a mission to Mars. The 
GSDO Program has organized several teams to address the necessary work to upgrade the 
major facilities and their supporting infrastructure. 


3.7.2 Neil Armstrong Operations and Checkout Building 


This was one of the first buildings completed at the Center, and it includes the crew quar- 
ters for astronauts. The high bay was first utilized to process and test the various modules 
of the Apollo spacecraft prior to flight. Modifications began in 2007 to outfit the facility 
for the final assembly of the Orion spacecraft. The entire support infrastructure was refur- 
bished, gaining new overhead cranes to support manufacturing and assembly activity. 
New tooling stations and fixtures were also installed for the full-size test articles and the 
uncrewed Orion that flew the EFT-1 mission. 

On the anniversary of the Apollo 11 lunar landing in 2014, the building was named the 
Neil Armstrong Operations and Checkout Building (O&C). With a 70,000 sq ft high bay 
and 20,000 sq ft basement, it will operate as a high-tech factory floor for a variety of 
spacecraft, including those for Mars missions. 

As the Orion spacecraft and their Service Modules complete the initial manufacturing 
process, they will be shipped to the Cape and the O&C building to be fitted with all the sys- 
tems to make them operational. They will go through all the necessary tests and checkouts 
and then be taken to the Multi-Payload Processing Facility for further flight preparations. 


3.7.3 Multi-payload Processing Facility 


It will be in the 19,647 sq ft high bay of the Multi-Payload Processing Facility (MPPF) 
that the propellants, high pressure gases, and coolants will be loaded aboard the Orion 
spacecraft and its Service Module. 
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Following a redesign, extensive upgrades to this facility began in 2013 to accommo- 
date the Orion and other spacecraft as part of KSC’s efforts to construct a multi-user 
spaceport. Almost everything from floor to ceiling was modified to support the Orion. It is 
there that monomethyl hydrazine and nitrogen tetroxide will be loaded for the European 
Service Module main engine and its reaction control thrusters. And ammonia for its cool- 
ing system and a Freon loop for the heat exchanger will be loaded. Similarly, the Orion 
will get its load of propellant, high pressure gases and coolant. These hazardous processes 
can be monitored by the Launch Control Center. Many technicians must wear self- 
contained atmospheric protective ensemble (SCAPE) suits for these activities. The loaded 
spacecraft will be transferred to the VAB for mating with the launch vehicle. Once an 
Orion is recovered after a mission, it will be returned to the MPPF to have any commodi- 
ties left in its tanks removed. 


3.7.4 Vertical Assembly Building 


KSC personnel and many different contractors are working to upgrade the Vertical 
Assembly Building (VAB) which stands 525 ft tall (the Washington Monument is 555 ft 
tall). In the half century since the VAB was built, the steel and concrete structure and the 
associated machinery have deteriorated. Also, safety codes have changed and technology 
has advanced dramatically. In 2013 all the platforms in High Bay 3 were removed to make 
way for a new platform system that will provide access to the SLS/Orion. Each platform 
is 38 ft long, 62 ft wide, and weighs approximately 160 tons. This bay will also house the 
355 ft (the Statue of Liberty is 305 ft tall) Mobile Launcher that will carry the SLS/Orion 
atop the Crawler-Transporter to the launch pad. The new platform system with 10 levels is 
designed to move in and out as well as up and down to accommodate other launch vehicles 
and configurations with minimal adjustments. 

Computer-aided design tools have modeled every aspect of this new system to ensure 
that power cables, communications lines, and high pressure fluid lines at each level will be 
able to move up and down together with the platforms. Even the elevator landings will be 
relocatable. Some 150 miles of copper and lead-shielded cabling installed for Apollo and 
the Space Shuttle have been removed and replaced with fiber optic cabling. Even the 
water, sewage and drainage piping is being replaced, as is the fire protection system. 


3.7.5 Mobile Launcher 


The 355 ft tall Mobile Launcher that was fabricated for Ares 1-X in the 2008-2009 time 
frame has been modified for the much heavier SLS and other heavy launch vehicles. The 
fueled SLS will weigh some 5.5 million lb; twice as heavy as the Ares 1-X. The base has 
been increased in size from 24 x 24 ft to 32 x 65 ft. The exhaust space has been widened 
to accommodate the two solid rocket boosters and the four main engines of the core stage. 
The tower has been modified for the SLS/Orion umbilicals, access arms, and ground sup- 
port equipment. The entire system is now approximately 6.75 million lb. In 2011 it was 
extensively tested at the pad for structural and functional compatibility and then returned. 
Once fitted with its swing arms, walk ways, “White Room” and various other modifica- 
tions, it went back to the pad for further testing. 
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Fig. 3.45 A crane raises one of the platforms that wrap around the SLS. (Photo courtesy of 
NASA/Bill White) 


3.7.6 Super Crawler-Transporter 


Two Crawler-Transporters were built in 1965 for the Apollo Program and later modified 
for the Space Shuttle. One of them has undergone extensive upgrades in order to haul the 
SLS/Orion a little over 4 miles from the VAB to Launch Pad 39B (the northerly of the 
original two pads at the complex). The upgrades to this vehicle over several years include 
16 new jacking, equalization and leveling cylinders to lift the mobile launcher with the 
SLS/Orion atop and keep them level during transport; 88 new traction roller bearing 
assemblies; 16 gear boxes; two new 1,500 kW diesel/electric generators; and upgrades to 
the fluid and electrical systems. The onboard laser docking system allows the driver to 
position the vehicle at either the pad or the VAB to within 0.50-0.25 in (1.27-0.63 cm). As 
a result, CT-2 is now called a “Super Crawler-Transporter.” 


3.7.7 Launch Pad 39B 


During its 40 year history from 1969-2009 this launch pad saw 59 launches; including 1 
Saturn V, 4 Saturn IBs, 53 Space Shuttles and 1 Ares 1-X. After the launch of STS-116 on 
December 9, 2006, it was reworked for the Ares 1-X concept launch vehicle which took 
place on October 28, 2009. After that, Pad 39B began a 5 phase project to completely 
rebuild the complex for the SLS (and other vehicles). It will support the EM-1 mission, 
which is currently planned for late 2018. 
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Fig. 3.46 An artist’s rendering of the SLS in the VAB on the Mobile Launcher. Half of the 
platforms are not shown in this cutaway computer graphic. (Photo courtesy of NASA/Boeing) 


The upgrades include the following: 


e Flame deflector. Most of the old structure built for Apollo had deteriorated badly. A 
new system was designed by NASA Ames using a supercomputer which consid- 
ered the SLS launch vehicle’s high plume exhaust temperature and pressure. The 
three objectives were plume containment, surface pressure, and thermal perfor- 
mance, but other considerations were the type of refractory material to be used and 
the slope of the deflector. 
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Fig. 3.47 The SLS mobile launcher on the Crawler-Transporter. (Photo courtesy of NASA/ 
Dimitri Gerondidakis) 


Fig. 3.48 The Crawler-Transporter being modified for SLS. Each of the rectangular “shoes” 
weighs over a ton and there are 57 of them. (Photo courtesy of NASA/Dimitri Gerondidakis) 
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e Ignition Over Pressure/Sound Suppression system upgrades designed to prevent 
damage to the vehicle from the exhaust and acoustic shock during launch. 

e A new state-of-the-art communication system to supersede all of the Apollo and 
Shuttle systems in the pad and perimeter, as well as to the Launch Control Center. 
In all, almost 600,000 lb of equipment was removed and over 100,000 ft of new 
cabling was installed. 

e All new potable and non-potable water systems were installed. 

e The Heating Ventilation Air Conditioning systems inside the pad and perimeter, 
plus in the Logistics Building and Launch Complex 39 were upgraded. 


Fig. 3.49 Launch Complex 39. Pad B is shown in the upper left. The crawler ways lead from 
the VAB in the center to the launch pads. (Photo courtesy of NASA/KSC) 


3.7.8 Launch Control Center 


The Launch Control Center (LCC) nearby the VAB was built in the 1960s for Apollo. Now 
the entire facility is being modified to support multiple uses; both government and com- 
mercial. But its immediate focus is SLS/Orion. Flexibility is now factored into the design 
to provide the tools and equipment needed to deal with almost any type of vehicle. In the 
past, each firing room and each console supported a single function. Nowadays the con- 
soles can be configured for multiple functions and missions. Basic capabilities such as 
data, voice, and video are coupled with smart systems for sensing, actuation, and control. 
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With each console configured for a specific purpose, as many as 200 people were 
required in a firing room for an Apollo or Shuttle launch. With state-of-the-art monitoring 
equipment which uses advance technology that was not previously available, the number 
of people can be reduced. Thus there is little resemblance to the original rooms that over- 
saw launch processing and liftoff operations. On launch day, every available console is 
staffed by people dedicated to getting that particular vehicle off the ground. This done, the 
firing rooms can be reconfigured for any other launch or purpose. The consoles/worksta- 
tions are configured with off-the-shelf computers and servers. 

There are four firing rooms. Firing Room 1, now called the Young-Crippen Firing 
Room, has been completely renovated and will serve as the firing room for the SLS and 
Orion spacecraft of the EM-1 mission in the late 2018 time frame. Firing Room 2 is con- 
figured for other customers for checkout, training, launch, and post launch evaluation. 
Firing Room 3 is configured to serve software development applications, models, and 
simulations. Firing Room 4 is also being totally renovated to provide four separate room 
areas for potential commercial or private users. 

The four story, reinforce concrete building also has offices, conference rooms and com- 
puter centers. The firing rooms are on the third floor. The facility is built to withstand hur- 
ricanes and emergencies on the pads. 


Fig. 3.50 The LCC with its new glass panels in 2009. (Photo courtesy of NASA/Jack Pfaller) 


3.7.9 Launch Abort System Facility 


After commodity loading and testing in the MPPF the next stop for an Orion will be the 
Launch Abort System Facility, where it is fitted with its Launch Abort System (LAS). 
Because the LAS stands 44 ft tall, it is prepared horizontally in a building that was 
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Fig. 3.51 The Launch Abort System Facility with the EFT-1 LAS and Orion in 2014. (Photo 
courtesy of NASA) 


previously utilized to hoist and rotate the canister that carried Space Shuttle payloads to 
the launch pad. It is then turned vertical for mating with the spacecraft. The first opera- 
tional use of this facility was the EFT-1 mission in 2014. 
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Key Enabling Technologies 


4.1 OVERVIEW 


NASA is exploring hundreds of new and advanced technologies for missions across their 
entire charter including aeronautics, science and both robotic and human exploration. Its 
Headquarters organizations are called Directorates as follows: 


e Aeronautics Research Mission Directorate. 

e Science Mission Directorate. 

e Human Exploration and Operations (HEO) Mission Directorate. 
e Space Technology Mission Directorate (STMD). 

e Mission Support. 


Although all of these efforts are managed from NASA Headquarters in Washington, 
they are implemented at the Centers with the support of hundreds of scientists, engineers, 
technicians and administrative personnel, as well as the many contractors. The Directorates 
are also involved in many types of crewed missions, including those which envisage mis- 
sions to the Moon, asteroids, and Mars. 

While the whole purpose of a mission to Mars is anchored in science, it is the engineer- 
ing that will get us there and back. These two disciplines are coupled, in that the technol- 
ogy is dependent on the scientists and the engineers to work together to produce the 
desired system or subsystems. The HEO Directorate is responsible for developing the 
technology to transport the crew to Mars and back and for achieving the mission 
objectives. 

The HEO has six Divisions, but the one we will discuss the most is the Advanced 
Exploration Systems (AES) Division. Other Divisions also have input to Mars missions 
but this chapter will discuss selected key technologies related to the major elements and 
modules needed specifically for the Mars Orbital Mission. 
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The HEO Directorate provides NASA with leadership and management of space opera- 
tions related to human exploration. It is responsible for Agency leadership and manage- 
ment of space operations pertaining to Launch Services, Space Transportation, and Space 
Communications in support of both human and robotic exploration programs, including 
the SLS and Orion. While HEO also bears responsibility for lunar, asteroid, and Mars 
landing and surface missions, these will not be covered here because they relate to capa- 
bilities that won’t be needed for a precursor mission to the Martian moons sometime in the 
next 20 years or so. 

Many Centers are already carrying out work in their respective areas of expertise 
which will support these programs, projects, studies, and investigations. There are 
probably thousands of people working on hundreds of technology projects that could 
relate to many types of missions. This chapter will focus on a representative subset of 
the key technologies which relate to a Mars Orbital Mission. Many of the technologies 
relate to the SLS and Orion and the other spacecraft that will be required for deep space 
missions such as the Habitat Module and Logistics Module, and of course the Space 
Exploration Vehicle(s). 

AES activities at the broadest levels are related to crew mobility, habitation, vehicle 
systems, robotic precursors, and foundational systems for deep space. These activities 
tend to be directed at identified knowledge gaps related to desired capabilities, and in par- 
ticular those which would reduce risk and cost. By its very nature, this cuts across the 
NASA Centers in the areas of Space Technology, Space Science, Space Vehicles, Ground 
Support, and Flight Operations. Strategic partnerships with other government agencies 
and commercial space industries will allow AES to rapidly advance new technologies for 
all partners involved. 

The Space Technology Mission Directorate (STMD). is responsible for developing 
the cross-cutting, pioneering new technologies and capabilities that will be needed in 
order to achieve its current and future missions. STMD seeks to mature the technology 
required for NASA’s future objectives in science and exploration while proving the 
capabilities and lowering the cost. This development also occurs within the Centers, 
academia, industry, and leverage partnerships with other government agencies and 
international partners. 

The Office of the Chief Technologist (OCT) within the NASA Headquarters 
Administrator’s Office is charged with overseeing the Space Technology Program and 
developing the Strategic Technology Investment Plan (STIP). This lays out the strat- 
egy for developing the technologies and provides prioritization of the technology can- 
didates. The Chief Technologist established the NASA Technology Executive Council 
(NTEC) to bring together the NASA Chief Engineer, the managers of the Mission 
Directorates, and the Chief Health and Medical Officer. It performs the Agency-level 
technology integration, coordination, and strategic planning. In particular, NTEC 
reviewed NASA Space Technology Roadmaps and Priorities: Restoring NASA’s 
Technological Edge and Paving the Way for a New Era in Space, a report produced by 
the National Research Council (NRC) that was initially issued in 2012 and updated in 
2015 and again in 2016. 
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There are currently fifteen very lengthy “roadmap” documents which highlight some of 
the technology candidates that may enable or enhance individual planned missions, as 
follows: 


TA 1 Launch Propulsion Systems 

TA 2 In-Space Propulsion Technologies 

TA 3 Space Power and Energy Storage 

TA4 Robotics and Autonomous Systems 

TA5 Communications, Navigation, Orbital Debris Tracking Characterization Systems 
TA 6 Human Health, Life Support and Habitation Systems 

TA 7 Human Exploration Destination Systems 

TA 8 Science Instruments, Observatories and Sensor Systems 

TA9 Entry, Descent and Landing Systems 

TA 10 Nanotechnology 

TA 11 Modeling, Simulation, Information Technology and Processing 
TA 12 Materials, Structures, Mechanical Systems and Manufacturing 
TA 13 Ground and Launch Systems 

TA 14 Thermal Management Systems 

TA 15 Aeronautics 


Each roadmap is organized in terms of a four-level Technology Area Breakdown Structure 
(TABS). Level 1 represents the technology area that is the title of the roadmap. Internally 
there are Level 2 subareas, Level 3 technologies, and Level 4 research tasks. Over the 
years, hundreds of technologies have been identified. As of 2016, the list of the Highest 
Priority Technologies were grouped into three objectives: 


e Human Space Exploration. 
e In Situ Measurements. 
e Remote Measurements. 


Many of the technologies were for a Mars landing and stay mission and advanced pro- 
pulsion systems that are not applicable to a Mars Orbital Mission and therefore are not 
included below. The areas discussed in this book include selected examples from the 
Human Space Exploration group as follows: 


e GN&C (Chap. 3). 

e Lightweight and Multifunctional Materials and Structures (Chaps. 3 and 4). 
e ECLSS (Chap. 4). 

e Grappling, Docking and Handling (Chaps. 4 and 5). 

e Crew Health (Chap. 5). 

e Radiation Mitigation (Chap. 5). 


A book of this nature cannot possibly address all the ongoing technology activities that 
may apply to a Mars Orbital Mission, only a few examples of the key enabling technolo- 
gies. NASA and their contractors are focused on early integration and testing of technolo- 
gies and prototype systems. These are then demonstrated in ground-based test beds, field 
tests, neutral buoyancy tests, and flight experiments aboard the ISS. Technology activities 
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excluded from this book are those that primarily involve In Situ Measurements and Remote 
Measurements because they are not directly related to a mission to the Martian moons; for 
example: 


e In Situ Resource Utilization not related to the moons of Mars. 
e Entry, Descent, and Landing on the surface of Mars. 

e High Power Electric Propulsion. 

e Nuclear Thermal Propulsion. 

e Robotic Precursors to the Moon and asteroids. 

e Space Exploration Vehicles for mobile surface operations. 


One can think of enabling technologies in several ways. For example, there are 
those which result in a better structure, such as a lighter, stronger and safer fuel tank; 
or those that enhance a process such as a life support system. Considering the distance 
and time involved in traveling to Mars and back, as well as the facts that there are no 
provisions for resupply from Earth and few timely abort options, several technologies 
jump to the forefront. However, only a representative number are included in the fol- 
lowing sections. 


4.2 ENVIRONMENTAL CONTROL AND LIFE SUPPORT SYSTEM 


The Environmental Control and Life Support System (ECLSS) for Orion is designed only 
for a limited number of days; i.e. long enough to get into orbit and verify the systems, long 
enough to rendezvous and dock with other modules, long enough to make the Trans Mars 
burns, and long enough for the return and reentry back to Earth. Consequently, when the 
crew moves out of the Orion and into the Habitat Module for the long trip to Mars and 
back, the ECLSS of the module must work continuously for years without resupply from 
Earth. Even with an attached Logistics Module, it is impossible to take along all the air and 
water required for such a long trip. The key enabling technology is a “regenerative” life 
support system which generates and recycles the life sustaining elements required by a 
crew of four. Decades of experience from previous spacecraft, particularly from the ISS, 
is providing engineers with possible answers for travel in deep space. 

The ISS ECLSS performs several functions; all of which would be essential in making 
a trip to Mars: 


e Provides oxygen for the crew. 

e Provides potable water and food. 

e Provides systems for hygiene and waste management. 

e Removes carbon dioxide from the cabin air. 

e Removes volatile organic trace gases. 

e Monitors and controls cabin pressures of nitrogen, oxygen, carbon dioxide, meth- 
ane, hydrogen and water vapor. 

e Maintains total cabin pressure. 

e Distributes air between the connected modules. 
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Of course, the ISS cannot accomplish all of this without periodic resupply from Earth. 
All of the spacecraft (Orion, modules, airlock and SEV) heading to Mars must provide 
these functions without resupply. Therein lies the need for several key enabling technolo- 
gies to achieve the long duration mission. 

The Marshall Space Flight Center has test facilities to examine candidate systems, 
subsystems and components for a self-contained regenerative ECLSS. Their research, 
testing and evaluation include the following: 


e Water Recovery System (WRS) including wastewater, crew urine, and air condensate. 

e Oxygen Generation System (OGS) including replacement of oxygen used and lost 
by depressurization, leakage, and venting. 

e A Power Supply Module that provides power to the Oxygen Generation System 
which electrolyzes water. 

e A Carbon Dioxide Reduction Assembly which causes the hydrogen that is pro- 
duced by the OGS to react with the carbon dioxide extracted from the cabin atmo- 
sphere to make water and methane. 


Other functions that the regenerative ECLSS must support include a fire suppression 
system and a method to cleanse smoke to purify the atmosphere. This includes a monitor- 
ing system for trace contaminants and protective apparatus for the crew. The Johnson 
Space Center is working these problems from the crew’s perspective, including the habit- 
ability and health aspects. 


4.3 ADVANCED PORTABLE LIFE SUPPORT SYSTEM 


The Next Generation Life Support (NGLS) is one of many technology developments spon- 
sored by NASA. This relates to Technology Area 7 (TA 7) with technologies including 
water recovery and spacesuit life support capabilities for advanced exploration missions — 
including Mars. The issues are the same as before: CO, removal and resupply, pressure 
regulation, thermal control, removal of water, and the impact of the fine regolith material 
on the seals and joints of the suit. And there is also concern about a potential biological 
hazard from the regolith and how to clean and store the suits prior to reentering the “stack” 
to return to Earth. But advanced technologies are being applied to the problems. 

New challenges pertain to the types of suits for orbital as well as landing missions, 
including the use of suitports and the compatibility with different vehicles such as the 
SEV. There are also the imperatives of minimizing weight and cost. 

The following sections outline three projects intended to advance these technologies; 
the first two are related to the Portable Life Support System (PLSS) 2.0 which will equip 
an Exploration Extravehicular Mobility Unit (EMU), this being the term for the combined 
suit and life support system. These technologies have the potential to revolutionize life 
support systems in EVA suits and exploration spacecraft both by eliminating the limita- 
tions of the current state-of-the-art and by adding capabilities and utilizing unconventional 
approaches while improving performance. 


Advanced Pressure Suits 67 


4.3.1 Variable Oxygen Regulator 


The Variable Oxygen Regulator (VOR) provides variable suit pressure settings between 0 
and 8.4 psid above the ambient pressure. This new capability will enable suitport opera- 
tions, in-suit decompression sickness treatment, flexibility for interfacing to different vehi- 
cles, and the ability to run variable pressure profiles during an EVA. This could involve 
starting the EVA at a higher pressure, ramping down to a lower pressure at a controlled rate, 
and then increasing the pressure again prior to returning to the vehicle. The advantages of 
this include decreasing the pre-breathe time, maximizing mobility and hence minimizing 
crew fatigue, and minimizing gas loss due to suit leakage. The regulators will be integrated 
into the PLSS 2.0 architecture as the primary and secondary oxygen regulators. They will 
pass through many tests and once matured and certified they will become flight articles. 


4.3.2 Rapid Cycle Amine Swing Bed 


This technology will provide an integrated CO, removal and humidity control system that 
can be regenerated in real-time during an EVA. This will eliminate the consumables of 
non-regenerable technologies such as the lithium hydroxide canister which can only be 
used once, and hence is a mission consumable. The alternative of removing CO, using a 
Metal Oxide canister will require off-suit regeneration by ancillary equipment and power. 
NASA is hoping for a 67% reduction in mass as compared to the Metal Oxide system. The 
Rapid Cycle Amine (RCA) therefore reduces consumables, logistics, and crew time, and 
eliminates CO, removal as an EVA duration-limiting consumable. The amine (which is an 
inorganic derivative of ammonia) used in the bed removes water vapor from the suit ven- 
tilation loop and thereby eliminates the need for a condensing heat exchanger, slurper, and 
rotary separator. This system will be thoroughly tested to derive a flight certified system. 


4.3.3 Alternative Water Processing 


A project related to advanced life support systems (but not to the PLSS 2.0) is the develop- 
ment of a system capable of recycling wastewater from all of the sources expected in future 
missions, including hygiene and laundry water. The Alternative Water Processing (AWP) 
system is being designed to recycle more than 95% of the wastewater, ultimately replacing 
the functions of the Urine Processor Assembly (UPA) and reducing or possibly eliminating 
the need for the multi-filtration beds of the Water Processing Assembly (WPA) employed 
by the ISS. The two unique technologies for this project are a biological water processor 
that mineralizes organic forms of carbon and nitrogen, and an advanced membrane process 
that removes solids and inorganic ions. The technology uses forward and reverse osmosis. 
Over the years, systems analysis and testing will evolve it into a certified system. 


4.4 ADVANCED PRESSURE SUITS 


As a former Apollo Pressure Suit Test Subject, and having worn full pressure suits during 
high altitude flight, I was particularly interested to know what type of pressure suit NASA 
and their support contractors would come up with for trips to Mars. This relates to 
Technology Area (TA 6) Human Health, Life Support and Habitation Systems. 
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The EVA requirements for operating on the surfaces of Mars and its moons would 
certainly consider the uniqueness of those environments and the demands on the suit 
by the activities of the astronauts. Of course, the lessons learned from Apollo moon- 
walks and ISS EVAs would be factored into the new designs. One possibly major 
concern is that the regoliths on Deimos and Phobos are deeper than on our Moon, and 
of unknown characteristics that could be harmful to the suit and possibly the crew 
when removing the suit. 

This development is the responsibility of the Johnson Space Center’s Advanced 
Exploration Systems (AES) Division and the EVA Management Office, with significant 
input from other organizations involved with advanced technologies, medicine, physiol- 
ogy, and science. In fact, the amount of technology in the suit and portable life support 
system is amazing. I was rather surprised, however, at the degree of input from fashion and 
art designers. I initially suspected that NASA was simply trying to raise public interest by 
having a suit design contest, since the visual of an astronaut in the Martian environment 
was so key to obtaining and retaining public support for space exploration. Then I realized 
that what they had come up with had some very practical applications. Consider the cur- 
rent scheme of using colored bands on suits as a way to differentiate between crewmen. 
The use of electroluminescence and light-emitting patches that have different colors offers 
an identification advantage in low light conditions. 

The prototype suits considered for advanced exploration missions are called the “Z 
series.” These are being developed in parallel to the advanced portable life support sys- 
tems which are traditionally worn as a back pack. 


4.4.1 The Z-1 


In the 2010-2012 time frame, NASA’s work on the Z-1 was the first step in the devel- 
opmental platform called the Z series, and an attempt to push the envelope on the 
capabilities of a “soft” exploration suit in terms of mobility. It also was a platform for 
testing the other game changing technology in suited exploration, called the “suitport.” 
The Z-1 was primarily used as a testbed which provided a first look at a number of 
technologies that would enable EVA activity both in microgravity and on solid sur- 
faces. Increased mobility was accomplished through innovations in shoulder and hip 
joints, using a number of new bearings to allow a spacesuit wearer to dip, walk, and 
bend with ease — all important tasks for a planetary explorer collecting samples or trav- 
eling over rough terrain. The upper torso, aside from these shoulder and waist bearings, 
comprised a durable “soft goods” material that was capable of handling the suit’s 
increased pressure. This is a marked departure from the traditional “hard” composite 
torsos of NASA’s current spacewalking suit, the Extravehicular Mobility Unit (EMU) 
that was developed for the Space Shuttle and then improved for use outside the ISS. One 
distinct advantage of this architecture is a decrease in the overall suit mass, with the 
suit weighing in at just 126 lb (57 kg). 

The other important innovation tested by the Z-1 was the concept of the suitport, which 
is an interface between the interior of a space vehicle and the spacesuit that is permanently 
mounted on the exterior of that vehicle. This allows the wearer to quickly get into the 
spacesuit from the interior of a vehicle, then detach it from the suitport and begin to 
explore, while also protecting the interior of the vehicle from outside dust and debris. 
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Donning a suit from a suitport has never been attempted under pressure, so this was a 
major objective of the Z-1 test. Created to interface with a handful of new docking mecha- 
nisms, the Z-1’s suitport design was tested in a vacuum chamber at the Johnson Space 
Center with great success. The suit itself also included features to allow the gloves and 
boots to be tightened in order to achieve a better fit while fully pressurized, which will be 
a necessity in real exploration scenarios. 

After extensive testing and engineering design, the team had learned a number of 
important lessons. They discovered that while some increased mobility was favorable, 
such as greater waist movement, this could result in less than favorable conditions like a 
smaller allowable torso size. Test runs with the suitport also gave NASA engineers impor- 
tant experience with donning a suit that is already pressurized. This turned out to be more 
difficult than expected, but was eased by the addition of donning aids. Overall, the Z-1 was 
judged to be a great improvement in mobility and the lessons were applied to the design 
of the Z-2 suit. 


Fig. 4.1 Demonstrating the flexibility of the Z-1 prototype suit. (Photo courtesy of NASA/ 
JSC) 
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4.4.2 The Z-2 


In 2013 the International Latex Corporation (ILC) of Dover, Delaware, won the competi- 
tion to design, manufacture, and test the Z-2 prototype spacesuit. This suit uses a hard 
composite upper torso for long-term durability. It has several improvements over the Z-1 
with adjustable shoulder and waist sizing features to maximize the range of crewmember 
sizes that any single suit is able to accommodate. It also has improvements in the hips, 
waist, and boots. 

In summary, the major changes are: 


e A hard upper torso for advanced interfaces and structure, as on EMU and Mark II 
suits. 

e External Link Rolling Convolute shoulder, previously used for Zero Pre-Breathe 
Suits (ZPS) and Mark III suits. 

e Rolling convolute waist, previously used on the Mark III suit. 

e Two bearing hip with an adduction/abduction (ad/ab) convolute to create a natural 
gait, previously used on the Z-1 suit. 

e Wolverine over-boots with dual adjustable indexing features. 


Although designed to interface with the new advanced PLSS back pack, it can also 
interface with classical air locks and suitports. 

The Z-2 is intended to serve as a technology demonstrator for a planetary surface suit. 
It was designed for maximum astronaut productivity on a planetary surface — i.e. explor- 
ing, collecting samples, and maneuvering in and out of habitats and rovers. It uses 
advanced composites for a lightweight 143 lb (65 kg) suit, and its high durability will 
withstand long periods in the harsh environments on Mars and its moons. In the 2018— 
2019 time frame it will be thoroughly tested in a thermal vacuum chamber and Neutral 
Buoyancy Laboratory along with the new PLSS. 


4.4.3 The Z-3 


Strictly speaking Johnson Space Center spacesuit designer Amy Ross is not yet working 
on the follow-on Z-3 prototype because she must first finish the Z-2, but she is stashing 
information as to what she will have to change on the next iteration. “We want to incorpo- 
rate an actual control unit. We want to find some new types of tools to interact with the suit 
controls. Helmet mounted displays have been tested in the lab and the field with mixed 
results,” she said. Certainly by the time of the Mars Orbital Mission, the crew will use a 
certified Z-3 or possibly a Z-4 suit design. 


4.55 CRYOGENIC STORAGE AND TRANSFER 


One of the problems for a mission to and from Mars which lasts on the order of two years, 
is the need to have a vehicle that is powerful enough to make the big burns and to reignite 
the engines many times over long durations. This relates to Technology Area 2 (TA 2) 
In-Space Propulsion Technologies. The current plan for the Exploration Upper Stage is to 
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Fig. 4.2 The Z-2 prototype with different designer outer layers. (Photo courtesy of NASA/ 
JSC) 


propel the combined Mars vehicle with an upgraded RL-10 engine using liquid oxygen 
and liquid hydrogen. This will need very large pressurized tanks to hold liquid oxygen 
at minus 297 °F and liquid hydrogen at minus 423 °F and keep them there. Traditionally, 
deep space vehicles use bipropellants because of the problems associated with keeping 
cryogenics cold. As the propellants warm above their boiling points they vaporize. The 
tanks therefore require valves to relieve the pressure. The penalty of a high “boil off” 
rate is a loss of propellant. This may become a limiting factor in carrying out an inter- 
planetary mission. 

In 2011, NASA Headquarters Space Technology Mission Directorate (STMD) assigned 
the Glenn Research Center (GRC) responsibility for the Cryogenic Propellant Storage and 
Transfer (CPST) Project whose task is to develop and demonstrate in flight the technology 
to solve this problem for deep space exploration. This also relates to Technology Area 14 
(TA 14) Thermal Management Systems. Some studies also focus on propellant depots 
which remain in LEO for fueling up prior to a long trip. By the end of 2013, much of the 
work for a demonstration flight using the Falcon 9/SpaceX Dragon was finished all the 
way through the Systems Requirements Review and Mission Definition Review. However, 
in February, 2014, Congress didn’t provide sufficient funding for a flight demonstration 
mission despite some early success, so the project was redirected to cheaper ground test 
and analysis activity in 2015. The management approach was to mature the technologies 
ahead of the authority to proceed to a flight demonstration and then to build and test the 
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system by NASA in-house. It is now called the Evolvable Cryogenics (eCryo) Project, 
with the purpose of leveraging a multi-Center array of enhanced test facilities and new test 
rigs in order to mature Cryogenic Fluid Management (CFM) technologies that are sup- 
portive of future exploration propulsion needs and upgraded variants of the SLS at full 
scale. Attention focused on liquid hydrogen, which is the colder of the two cryogenic flu- 
ids that are to be used as propellants, with a boiling point of minus 423 °F (minus 253 °C) 
versus minus 362 °F (minus 218 °C) for liquid oxygen. 

The CFM technologies were a high priority for demonstration; those selected for test- 
ing and evaluation were grouped into five areas as follows: 


e Tank-Applied Passive Thermal Control: 

— Passive thermal control, including thick multi-layer insulation and low conduc- 
tivity structures, mixing, and thermodynamic venting. Study performance 
degradation due to point conduction elements which penetrate the insulation 
envelope; e.g. supports, piping and electrical interfaces. 

e Active Thermal Control: 

— Active thermal control providing refrigeration by the integration of a cryocooler 
with the tank system to intercept and collect heat from the conduction sources. 

— Broad Area Cooling (a distribution cooling scheme) inserted into the middle 
layers of the multilayer insulation to intercept radiative heat loads. 

e Cryogenic Fluid Transfer: 

— Liquid acquisition using capillary forces to facilitate movement of a liquid along 
the surface of a solid. 

— Investigate line chill-down techniques in advance of turbo pump startup as a 
means of eliminating the phase change that causes bubble formation. 

e Propellant Gauging: 

— Develop a low gravity, radio-frequency mass gauging technology to understand 
the limitations of gauging under low thrust. Undertake structural analysis and 
vibration testing of the antennas, and the investigate the compatibility of several 
commercial RF analyzers. 

— Develop a software tool for rapidly assessing the amount of liquid propellant 
that is available. 

e Analytical Tool Development: 

— Develop and validate the analytical tools needed to predict the fluid dynamics 
and thermodynamics for cryogenic fluid management under both settled and 
unsettled conditions. This includes tools for computational fluid dynamics 
(CFD) and faster running multi-mode tools in order to enable end-to-end mis- 
sion simulations during all mission phases. 


As a result of this research, the most promising technologies will be integrated into a 
small, but scalable cryogenic fluid system and flown in space prior to a precursor mission to 
Mars. A suite of computer models capable of predicting the performance of the integrated 
system will be developed. Postflight, data will be used to refine and validate the models 
which will be used to design future all-up cryogenic fluid systems. Eventually, this research 
and technology will have to be scaled up for an Exploration Upper Stage for a deep space 
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mission. As yet, no mission has used cryogenic fuels for as long as a mission to Mars and 
back will take. To ensure that there is sufficient propulsion to perform the entire mission, it 
will be necessary to design a system that is as close as possible to the ideal “zero boil off.” 


4.6 HEAT EXCHANGERS 


An old technology which may soon be resumed is the use of wax as a heat exchanger. This 
also relates to Technology Area (TA 14) Thermal Management Systems. The harsh environ- 
ment in deep space imposes extreme temperature ranges on a vehicle. The Orion will be 
exposed to the direct rays of the Sun and must get rid of the heat. One possible way to 
accomplish this is being studied on the ISS. On July 18, 2016, a Phase Change Material Heat 
Exchanger (PCM HX) was launched to the station aboard a SpaceX Dragon ship. A wax-like 
substance which has a crayon-like texture stores energy by thawing the phase change mate- 
rial using a hot coolant. That energy is later rejected by the spacecraft’s radiator. It then 
refreezes the wax and prepares it for the next spike in heat load. This concept was used on 
the Apollo Lunar Rover and on Skylab with mixed results, and is now being reassessed. 

By the time this book is published in 2017, the ISS experiment will have been com- 
pleted and the system will go through a subsystem design review to determine how the 
wax performed and whether this technology will be used in the future. It is a candidate for 
the first crewed mission, EM-2. If successful, it could result in a significant mass saving 
for Orion. 


4.7 FRICTION STIR WELDING 


Friction Stir Welding (FSW) has been around for a half century, but has come into its own 
only in the last 20 years. If I told you that it was used in the nuclear industry you might 
be impressed, but if I told you it was used on the Toyota Prius you might be more sur- 
prised than impressed. In fact, FSW is used on boats, trains, automobiles, and computers; 
and yes, rockets and spacecraft. The Marshall Space Flight Center began working with 
FSW in 1994. It was used on the Shuttle External Tank and is now extensively used on 
the SLS and Orion. It is a form of welding that is not really welding! It relates to 
Technology Area | (TA 1) Launch Propulsion Systems and TA 12 Materials, Structures 
Mechanical Systems and Manufacturing. So what is it and why is it an enabling technol- 
ogy? It provides increased structural strength, reliability and safety yet reduces weight 
and the potential for flaws. It therefore can be used for the SLS, Orion, Habitat Module, 
Logistics Module, and SEV(s). 

It is a solid-state process that generates the necessary heat by mechanical friction between 
workpieces in relative motion to one another, with the addition of a lateral force to plastically 
displace and fuse the materials. Because no melting occurs it is not a welding process but is 
a forging technique, but owing to the resulting similarities the term welding has become 
common. The process is used with numerous and often different metals and thermoplastics 
in a variety of applications. The “weld” provides a full strength bond without the addition of 
weight, so it is highly attractive for aerospace and aviation applications. 
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The process involves a constantly rotating non-consumable cylindrically shouldered 
tool with a profiled probe that is fed at a constant rate into a butt joint. Frictional heat is 
generated between the wear-resistant welding components and the workpieces, thus soft- 
ening the stirred materials without melting. It causes severe solid-state deformation 
involving dynamic recrystallization of the base material. For a demonstration video, go to 
YouTube and type in “Self Reacting Friction Stir Welding.” 

The solid-state nature of FSW offers advantages over fusion welding, because it elimi- 
nates problems associated with cooling from the liquid phase. In particular, issues such as 
porosity, solute redistribution, solidification cracking and liquation cracking don’t arise 
during FSW. In general, FSW has been found to produce a low concentration of defects 
and it is very tolerant of variations in parameters and materials. 

Nevertheless, FSW is associated with some unique defects. Insufficient weld tempera- 
tures owing to slow rotational speeds or high traverse speeds, for example, result in the 
weld material being unable to accommodate the extensive deformation during the process. 
This can produce long, tunnel-like defects that run along the surface or subsurface of the 
weld. Low temperatures can also limit the forging action of the tool, and thus reduce the 
continuity of the bond between the materials from each side of the weld. The light contact 
between the materials has given rise to the nickname “kissing-bond.” This defect is par- 
ticularly worrying because it is very difficult to detect using nondestructive methods such 
as X-ray or ultrasonic testing. If the pin is not long enough or the tool rises out of the plate, 
then the interface at the bottom of the weld may not be disrupted and forged by the tool, 
giving rise to a lack-of-penetration defect. This is essentially a notch in the material which 
can serve as a potential source of fatigue cracks. 

A number of potential advantages of FSW over conventional fusion welding methods 
have been identified: 


e Good mechanical properties in the as-welded condition. 

e Improved safety due to the absence of toxic fumes or the spatter of molten material. 

e No consumables. A threaded pin made of conventional tool steel (e.g. hardened 
H13) is able to weld over 1 km (0.62 miles) of aluminum, and no filler or gas shield 
is required for aluminum. 

e Easily automated on simple milling machines, reducing both setup costs and 
training. 

e Can operate in all positions (horizontal, vertical, etc.) because there is no weld pool. 

e Generally good weld appearance and minimal thickness under/over-matching, 
hence reducing the need for expensive machining after welding. 

e Can use thinner materials with same joint strength. 

e Low environmental impact. 

e General performance and cost benefits from switching from fusion to friction. 


However, some disadvantages have been identified: 


e Exit hole left when tool is withdrawn. 

e Large down forces required, with heavy duty clamping to hold the plates together. 

e Less flexible than manual and arc processes (difficulties with thickness variations 
and non-linear welds). 
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Fig. 4.3 A friction stir weld of the Orion bulkhead and nose cone. (Photo courtesy of NASA/ 
Michoud) 


4.8 3D PRINTING AND SELECTIVE LASER WELDING 


The new term of “Additive Manufacturing” includes computer aided design, 3D Printing 
and Selective Laser Welding (SLW). These new techniques primarily relate to Technology 
Area 12 (TA 12) Materials, Structures, Mechanical Systems, and Manufacturing. They are 
key enabling technologies for both SLS and Orion. 

Advanced 3D Printing and SLW promise to be the future for manufacturing intri- 
cate parts, and hold out the prospect of shorter manufacturing time and lower costs. 
Basically, a machine accepts metal powder and uses a high powered laser to melt it to 
the computer-aided designed pattern from the ground up. The process produces com- 
plex geometries in much less time than conventional manufacturing (if such was ever 
possible at all). 

The Marshall Space Flight Center became involved in these new technologies in 1990, 
and purchased one of the first printers primarily for rapid prototyping. Today, MSFC is 
involved in state-of-the-art 3D printers that work with a variety of plastics and metals, 
including titanium aluminum, Inconel, and other nickel alloys that are widely used in 
aerospace manufacturing. A 3D printer is being evaluated on the ISS. 

Additive Manufacturing technology for metals includes: 


e Selective Laser Melting (SLM; a.k.a Direct Metal Laser Sintering). 
e Electron Beam Melting. 
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The technology for plastics includes: 


e Stereo lithography (often used for flow cell models and cold flow testing, because 
the parts are water resistant and can be made see-through to show internal 
channels). 

e Fused Deposition Modeling (a gravity-independent extrusion-based technology 
which has potential for development of in-space manufacturing). 


Structured Light Scanning is also used to evaluate parts that are produced by 3D print- 
ers (or other methods) by scanning to compare the as-built item to the original computer 
design. This is being used on Orion panels. 

Go to YouTube and type in “M2 Cusing Machine Solution for 3D printing with lasers” 
to watch the process. 


Fig. 4.4 An RS-25 Pogo Z baffle made using Selective Laser Melting that is being structure 
light scanned. (Photo courtesy of NASA MSFC) 


4.9 FLIGHT AND GROUND COMPUTING 


Technology Area 11 (TA 11) Modeling, Simulating, Information Technology and 
Processing focuses on advances in foundational capabilities for flight computing and 
ground computing. It addresses physics-based and data-driven modeling, simulation and 
software development, data and information processing frameworks, systems and stan- 
dards. As such, this work will impact on almost all of the technology portfolios and cut 
across all missions. 
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The following is a very brief and incomplete summary of the ongoing technology work 
in these areas: 


e Computing: 

— Flight Computing. Ultra-reliable, radiation-hardened platforms and software- 
based fault tolerance techniques. It includes processors, memories, and high per- 
formance flight software. 

— It addresses multiple classes of ground computing technologies, including exas- 
cale (1,000 petaflops) supercomputing, quantum computing, cloud supercom- 
puting and cognitive computing. 

e Modeling: 

— It cuts across all hardware and software as applied to crew, science, and 

systems. 
e Simulation: 

— It includes technologies that enable management of uncertainty and risk across 
the entire mission, particularly humans-in-the-loop full mission testing and 
training. 

e Information Processing: 

— New approaches for triaging data with intelligent onboard algorithms and thor- 
oughly analyzing the data using ground-based systems. Advanced mission sys- 
tems focus on mission planning, support, and presentation of near real-time 
analysis of the progress of the mission. 


One example of NASA’s computing capability is the Pleiades Supercomputer at the 
Ames Research Center, one of the fastest computers in the world. It is used by scien- 
tists and engineers of all the Mission Directorates across the Agency for mission 
research, including on the SLS and Orion programs. The computer allows high fidelity 
numerical modeling of complex systems and processes, particularly detailed analyses 
and visualization of large-scale data in order to advance human knowledge and tech- 
nology. As of this writing, its upgrades now provide users with over 900 terabytes of 
memory and a system theoretical peak performance rate of 7.25 petaflops. One teraflop 
is one trillion floating point operations per second. Hence a petaflop is a quadrillion 
such operations per second. Ames also has two other supercomputers which are named 
Merope and Endeavour. 


4.10 ADVANCEMENTS IN ENGINES 


While the RS-25 engine was briefly described in Sect. 3.1.2 as a major element of the SLS, 
this section will discuss the advancements in technology applied to the engine in the last 
couple of years. Also known as the Space Shuttle Main Engine (SSME), the RS-25 is the 
world’s most reliable rocket booster engine. For three decades, these liquid hydrogen/liq- 
uid oxygen engines powered a total of 135 Space Shuttle flights. It is one of the most tested 
large rocket engines in history, with in excess of 3000 starts and over | million seconds of 
total firing time in ground tests and in flight. The 16 engines left over from the retirement 
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Fig. 4.5 The Ames Research Center’s Pleiades Supercomputer. (Photo courtesy of NASA) 


of the Space Shuttle are stored and tested at the NASA Stennis Space Center. Fourteen of 
the 16 engines in the SLS inventory are veterans of numerous Space Shuttle missions. 
Engine 2063 is one of two “rookie” engines without Shuttle flight experience. Engine 
2063 has undergone acceptance testing to verify it is acceptable for flight, thus checking 
out the completed system. It does use some previously flown hardware, including the four 
turbopumps that were used by several Shuttle missions. 

The SLS team test fired one of the development engines with a new, advanced control- 
ler in 2015 to make sure it was able to meet the different performance and environmental 
conditions required by the SLS. Additional test firings occurred in 2016. The entire flight 
engine inventory will be upgraded with new state-of-the-art engine controllers, insulation, 
and other details. Four previously flown RS-25 s will be attached to the first SLS core 
stage and test fired together as a stage prior to their being approved for the first 70 metric 
ton SLS launch, currently planned for 2018. While the engines on the Space Shuttle ran at 
491,000 lb vacuum thrust (104.5% of their nominal rated power level), the power level 
was increased for SLS to 512,000 lb vacuum thrust (109%) to augment the vehicle’s heavy 
lift capability. There were plans to operate the Space Shuttle at 109%, but this upgrade was 
ruled out after the loss of Challenger in 1986. 

New engines will eventually be built by Aerojet Rocketdyne, but all the current engines 
will be given new and advanced controllers. The engines must now fire at higher perfor- 
mance levels in order to lift the larger SLS. Development tests at the Stennis Space Center 
using the A-1 Test Stand and the new advanced engine controller unit on engine 2059 are 
providing the key data on performance. During these tests the engine was run through a 
number of varying conditions and operating parameters. A special engine controller 
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Fig. 4.6 The advanced RS-25 engine controller. (Photo courtesy of NASA/MSFC) 


wiring configuration was tested to enable that engine to be operated in the 80-111% range. 
The controller development is based on the recent controller for the J-2X engine. These 
simulations are made using real engine actuators, sensors, connectors and harnesses. The 
controller allows communication between the vehicle and the engine, relaying commands 
to the engine and transmitting data to the vehicle. All the SLS flights for crewed Mars mis- 
sions are expected to use the new RS-25 engines. 


5 


Crew Risks and Health Systems 


5.1 THE HUMAN RESEARCH PROGRAM 


5.1.1 Overview 


Thousands of people have been involved in crew health, safety, and operations for decades. 
As a result there are hundreds of reports and books about the subject. This chapter will 
summarize the state of the Human Research Program (HRP) with emphasis on a very long 
duration flight to the Martian moons. 

For the most part, the discussions concerning risks and crew health apply to almost any 
long duration mission. From a crew risk perspective, the shorter the better. From a plane- 
tary science perspective, the longer the better. This might be the reason that NASA is 
planning such a long stay on Mars for the first mission to that planet. I do not think this is 
wise. Why take such a risk on the first flight into deep space? Why not go to the planet’s 
moons first and thereby reduce the duration of that first mission by a year or so? 

HRP is managed by the Human Exploration and Operations Mission Directorate at 
NASA Headquarters. While elements of the program are located at many of the Centers, 
the Johnson Space Center in Houston, Texas, is responsible for most of the effort since it 
is the home of the astronauts. Keep in mind that this facility was originally called the 
Manned Spacecraft Center. The focus of the program is research to investigate and miti- 
gate the highest risks to astronaut health and to enhance performance in support of explo- 
ration missions. The program also falls under the purview of the Chief Health and Medical 
Officer at NASA Headquarters, who chairs the Human System Risk Board (HSRB). This 
formal board can also identify risks that must be formally documented and addressed. 

There are many documents that relate to this subject, but the ones that describe the 
program from top down into specifics are as follows: 


e The Program Plan HRP-47051A sets the goal of the HRP as being “to provide 
human health and performance countermeasures, knowledge, technologies and 
tools to enable safe, reliable and productive human space exploration.” 
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e The Program Requirements Document (PRD) HRP-47052 defines and allocates 
high level requirements to different program elements, including responsibility for 
specific risks. These requirements are divided into three categories: human system 
standards, human health and performance risks, and the provision of enabling 
capabilities. 

e The Integrated Research Plan (IRP) HRP-47065 sets out the implementation activi- 
ties that are required in order to fill the knowledge and mitigation gaps identified 
with each risk. This plan later formed the basis of Technology Area 6 (TA 6) Human 
Health, Life Support and Habitation Systems in the Technology Roadmaps. As 
such, it is one of the elements of the Strategic Technology Investment Plan. 
However, there are considerable synergies between all of the technological areas. 

e The Evidence Book is a collection of evidence-based risk reports and journal arti- 
cles in each individual risk category. It provides the current state of knowledge for 
each health and performance risk. 


As research progresses, other documents and data sets are generated. In particular there 
are Design Reference Missions, repositories of evidence from research on the ISS, 
archived life sciences data, and lifetime surveillance of astronaut health. Other NASA 
organizations also have related documents, such as engineering and science documents. 


5.1.2 Goals and Objectives 
The specific objectives of the program are: 


e To develop the capabilities, necessary countermeasures, and technologies in support 
of human space exploration, particularly seeking to mitigate the highest risks to the 
health and performance of the crew. This will allow the definition and improvement 
of human space flight medical, environmental, and human factors standards. 

e To develop technologies that will reduce the medical and environmental risks, 
reduce human systems resource requirements (mass, volume, power, data, etc.), 
and promote effective human-system integration across exploration mission 
systems. 

e To ensure maintenance of Agency core competences necessary to reduce risks in 
the following areas: space medicine; physiological and behavioral effects of long 
duration space flight on the human body; environmental effects (including radia- 
tion) on human health and performance; and space human factors. 


5.1.3 The Research Approach to Risks 


Each risk in the Integrated Research Plan has an associated mission-specific risk rating 
that is assigned either by the Human System Risk Board (HSRB) or by the Directorate. 
These ratings serve as a tool to communicate to NASA management the seriousness of a 
risk to crew health and performance. 

The risk ratings are color coded as red, yellow and green, and are assigned by assessing 
the likelihood and consequence of risks in two categories: in-mission health and perfor- 
mance, and long-term health. The ratings are just one of several inputs that are used in 


82 Crew Risks and Health Systems 


setting the research priority of each risk in order to help management to make decisions 
and to allocate consequent resources. 

Currently, the program uses several Design Reference Missions (DRM) to assist it to 
define the missions, one of which is a planetary mission. It currently does not have a DRM 
for a Mars Orbital Mission (with or without rendezvousing with the moons) but it is highly 
recommended that such a document should be drawn up. 

The following sections briefly describe the range of risks that are being studied for 
extended duration space flights. They are discussed in the context of the technology road- 
map, since these will be the key capabilities needed to initiate human space exploration in 
the next few decades, and will apply to a human mission to Mars’s moons. These areas 
directly affect crew needs for survival and well-being in that environment. 


5.2 HUMAN HEALTH AND PERFORMANCE 


This area addresses the need to maintain the health of the crew for the duration of the mis- 
sion, which for a Mars Orbital Mission could exceed two years. Not only must they stay 
healthy but they must also sustain their performance in order to accomplish the mission 
objectives. Ideally, one member of the crew would be a physician, cross trained in other 
engineering, science, and operational areas. This person would carry out screening, diag- 
nosis, and treatment for medical situations, including psychosocial and neurobehavioral 
areas and countermeasures, both on an ongoing basis and during emergencies. The state- 
of-the-art in space medical technology would be made available. 
This area is often categorized as one of mitigating risks such as: 


e Cardiac Rhythm Problems, high/low blood pressure. 

e Injury from loads, EVA operations and changes to bone strength. 
e Circadian desynchronization. 

e Altered immune response. 

e Hypertension and vision alterations. 

e Decompression sickness and hypobaric hypoxia. 

e Inadequate food and nutrition. 

e Dust exposure. 

e Renal Stone Formation. 

e Ineffective or toxic medications or unpredicted effects. 

e Postflight orthostatic intolerance and reduced bone and muscle mass. 
e Other medical problems. 


There have been very few space missions of a year or more, all of which were carried 
out on the Mir space station: 


Vladimir Titov and 1987-1988 365.9 days; they were the first to spend a year in space on 
Musa Manarov a single mission 
Valeri Polyakov 1994-1995 437.7 days, which is over 14 months; he is the record 
holder for endurance on a single mission 
Sergei Avdeyev 1998-1999 379.6 days 
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Contrary to popular belief, Scott Kelly and Mikhail Kornienko did not spend a year in 
space, but at 340 days it was just short of that milestone. The record for total time in space 
over all five of his missions goes to Gennady Padalka with 879 days, which is 2.4 years. 
That is about what it will take for a single mission to Mars! That fact alone places a Mars 
mission into perspective! 


5.3 SPACE RADIATION 


The NASA Chief Health and Medical Officer has identified radiation as among the fore- 
most of risks posed by a Mars mission. In addition to the necessity of flying through the 
Van Allen belts this includes solar particle events, coronal mass ejections, and galactic 
cosmic rays. With current standards (as applied to the ISS) a Mars mission would exceed 
career radiation dosage limits for the crew. However, there is a collaborative effort under- 
way to fully measure and understand the radiation environments of a Mars mission. As 
yet, these don’t specifically differentiate between an orbital versus a landing and stay mis- 
sion. Clearly though, the overall exposure increases with the time duration of a mission. 


5.3.1 Galactic Cosmic Radiation 


Galactic Cosmic Radiation (GCR) poses a significant threat to a crew. It originates outside 
the solar system and is likely formed by explosive events such as supernovas within our 
Milky Way galaxy and external galaxies. It comprises extremely energetic particles: 90% 
hydrogen nuclei (protons), about 9% helium nuclei (alpha particles), and the remainder 
heavier nuclei (referred to as HZE for Heavy, high atomic number Z, and Energy) including 
lithium, beryllium and even trace amounts of iron and uranium. All of the electrons have 
been stripped from these atoms, so they are fully ionized and hence susceptible to magnetic 
fields in space, such as that of our Sun, which goes through a modulated 11 year cycle. These 
particles are energetic because they travel at substantial fractions of the speed of light. They 
pose a risk to the hardware and software of a spacecraft and to their crews. Go to YouTube 
and type in “NASA: Effects of Cosmic Rays on Astronauts” for a 9 minute film. 


5.3.2 Solar Energetic Particles 


High energy electrons, protons and other atomic nuclei flow out from the Sun at about a 
million miles per hour in all directions as the solar wind. They originate from solar particle 
events (SPE) and coronal mass ejections (CME). The Earth’s magnetic field generally 
protects the planet and the crew of the ISS in low orbit, but protecting an Orion spacecraft 
and its crew on a deep space mission will be a technological challenge. 


5.3.3 The Van Allen Belts 


The intense belts of charged particle radiation around Earth have been studied for a half cen- 
tury. A mission to Mars will pass through them rather quickly, both outbound and returning to 
Earth. The inner belt varies in altitude from approximately 400 miles (650 km) to 6,000 miles 
(10,000 km) and is in the shape of a toroid with its axis aligned with that of the planet’s 
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Fig. 5.1 A CME observed by the Solar and Heliospheric Observatory (SOHO) on April 28, 
2015. Go to YouTube and type in “NASA/Highlights form SOHO’s 20 years in Space”. 
(Photo courtesy of ESA/NASA/SOHO) 


magnetic field. It consists of electrons and high energy protons. The outer belt starts at about 
8,100 miles (13,000 km) and extends to about 37,300 miles (60,000 km). It is primarily high 
energy electrons. In the Apollo era, the Mission Control Center in Houston made a major 
effort to detect solar flares and alert the crews. The crews also carried a Geiger counter, so 
they could find the safest spot in the vehicle should they have to ride out a solar flare. Although 
there were three events during those years that would have posed biological risks, no crews 
were in space at the time. The ISS orbits well below the Van Allen Belts, although there is a 
zone known as the South Atlantic Anomaly that must be taken into account. 


5.3.4 Radiation Effects 


Efforts are now underway at NASA to reduce the exposure of crews to radiation and to 
provide countermeasures with input and support from the Institute of Medicine and many 
other research laboratories. The medical community doesn’t consider radiation as an 
insurmountable barrier to Mars mission planning and execution. 
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Fig. 5.2 An artist’s rendering of the inner and outer Van Allen Belts. (Photo courtesy of 
NASA) 


The major health risk areas are: 


e Carcinogenesis. Radiation exposure may cause increased cancer morbidity, or mor- 
tality risk in astronauts. Models are being refined and health standards are being 
established at the NASA Space Radiation Laboratory (NSRL). 

e Acute Radiation Syndromes from Solar Particle Events. Models and standards are 
being developed, operational and shielding mitigations are understood and risks are 
controlled. 

e Degenerative Tissue Effects. Radiation exposure may result in effect to the cardiovas- 
cular system as well as cataracts. Research is underway at the NSRL and on the ISS. 

e Central Nervous System Risks. Acute and late radiation damage may lead to changes in 
cognition or neurological disorders. Research is underway at the NSRL and on the ISS. 


Also supporting these efforts is NOAA’s Space Weather Prediction Center, which currently 
supports the ISS. They are advancing their forecasting and alerts for solar particle events. 


5.3.5 Emergency Risks 


Risks can derive from human failures and many types of system and subsystem. These 
hazards can impair crew health, the ability of the ECLSS to maintain a suitable environ- 
ment, the ability of the crew to complete an activity, and can threaten lives. The way to 
avoid emergencies is to constantly monitor the environments of all the modules of a space- 
craft, assess the situation and respond accordingly. Some risks such as a fire may be readily 
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Fig. 5.3 The extent to which radiation affects the human body. (Photo courtesy of 
GoFlightMedicine.com) 


apparent, but others can be more insidious such as a microbial hazard that affects the air and 
water. On the ISS, a more thorough water analysis can be accomplished through samples 
that are returned to Earth. This will not be possible during a mission to Mars. Onboard 
technology must provide sufficient information to enable the crew to act independently of 
the ground. Diagnostic hardware and software must be small, have low power require- 
ments, require little or no consumables, and properly sample the environment. 

Some of these advances include: 


e To develop technologies capable of monitoring and controlling the physical, chem- 
ical, biological and acoustic environments in the living compartments of a vehicle 
and their environmental control systems. 

e To reduce the likelihood of a fire; or if one occurs minimizing the risk to the crew, 
to other systems, and to mission success. This is being researched on the Cygnus 
supply ships after leaving the ISS. 

e To develop multi-use and multi-function respirator systems and masks. 

e To develop effective protective clothing and breathing capabilities that can be rap- 
idly deployed and are resistant to fire, chemicals, and microbes. 


5.3.6 Mitigation Countermeasures 


Analysis to date indicates that any mission to Mars of even a couple of years would exceed 
the Permissible Exposure Limit (PEL) by a factor of 3-5 times. Several government and 
non-profit organizations are working in this area, including of course NASA JSC. The cur- 
rent concept for Mars missions is to protect against the 95% confidence level of risk pro- 
jection. In support of the principle of As Low As Reasonably Achievable (ALARA), 
mission design and operations must include cost benefit analyses of approaches to improve 
crew safety with higher confidence. Our poor understanding of heavy ion radiobiology has 
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Fig. 5.4 The propagation of fire in microgravity is being investigated by the Saffire experi- 
ment on Cygnus supply ships. (Photo courtesy of NASA/GRC) 


been estimate to be the largest contributor to uncertainty in the effects of space radiation. 
The only real data on a deep space flight is from a statistically small number of Apollo 
astronauts who were not exposed for very long periods. The key challenge for the Mars 
mission is to sufficiently understand the “risk limits” and then not to exceed them. 

The work in this area is focused on reducing uncertainty in assessing the risk of death due 
to radiation exposure, on extending the number of safe days in space by using a suite of bio- 
logical countermeasures (BCM) or shielding, on improving predictions of future space weather 
events and their duration in order to prepare and protect the crew, and on developing small, low 
mass, low power, crew friendly sensors for monitoring the radiation environment. 

Countermeasures include engineering (structures), operational activities (such as 
dosimetry monitoring and procedural), medical (such as dietary and pharmacological), 
and a wide variety of others. 

Engineering countermeasures which also provide other functions include: 


e The Orion structure and heat shield. 

e The Habitat structure and possible safe zone. 

e Thermal insulation. 

e Micrometeoroid and orbital debris insulation. 

e Use of hydrogen-rich shielding such as polyethylene. 
e Strategic placement of water storage tanks. 
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Operational countermeasures include: 


e Limiting EVA times. 

e Limiting overall mission time. 

e Trajectory selection. 

e Use of storage supplies and waste. 

e Operation procedures to reconfigure storage for radiological events; e.g. in the 
Habitat Module and/or the Logistics Module, as well as in the Orion. 


Fig. 5.5 Engineers study the reconfiguration stowage as a countermeasure for a radiological 
event. (Photo courtesy of NASA/JSC) 


Medical countermeasures include: 


e Use of dosimeters. 

e Routine blood samples. 

e Use of drugs to reduce radiation effects. 

e Specific diets. 

e Use of vitamins for the immune system; e.g. vitamin D. 


The “Phantom of the International Space Station” is a model of a male head and torso 
with a suite of sensors to measure radiation. It has over 300 dosimeters inside the torso to 
measure the levels of cosmic radiation absorbed by individual organs. Both passive and 
active sensors were used to quantify the total amount of radiation throughout the flight. 
The active sensors focused upon the brain, thyroid, colon and stomach, and provided real- 
time data to the JSC Telescience Center. The experiment is being used to design protective 
measures for Orion, and will also be able to be applied to the Habitat Module for a mission 
to Mars’s moons lasting over two years. 

Active radiation countermeasures being studied for future flights include superconduct- 
ing magnets for the Habitat Module. These are not yet feasible but they will be large and 
will need multiple launches. A number of more esoteric concepts are also being studied. 
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Fig. 5.6 “The Phantom of the ISS”. (Photo courtesy of NASA) 


The first missions to Mars will probably employ passive systems and be heavily reliant 
on being able to predict space weather, apply sophisticated modeling, and undertake moni- 
toring both onboard and in the control center. 


5.4 EXPLORATION MEDICAL CAPABILITIES 


The vast amount of data and knowledge gained on the ISS over decades will clearly be 
relevant to a Mars mission. While the ISS crews always have the ability to return to Earth 
for a medical emergency in a relatively short time, this will not be the case for a two year 
trip to Mars. Also, the ISS crews have real-time communications with a medical team on 
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Earth, but there will be a communications delay for a deep space mission. A Mars-bound 
crew will benefit from the ISS hardware, software and procedures, with such additional 
technology improvements as occurred by the time of launch. This book will be published 
in 2017 and the ISS program is scheduled to end in 2024. If the EM-X launch to Mars orbit 
is in, say 202X, that means there will be about a decade for further medical improvements 
in systems, subsystems, components, procedures, and protocols. 


5.4.1 Crew Health Care System 


Most likely, the volume of the Medical Evaluation Documents (measured in “tomes”’) will 
have increased and the medical systems for the Mars mission will have evolved and be 
well defined, but Medical/Clinical Evaluations will still be organized in a similar way as 
they are now, which is as follows: 


e Countermeasures System (CMS). This provides the equipment and protocols neces- 
sary for the performance of daily and alternative regimes (e.g. exercise) intended to 
mitigate the deconditioning effects of living in a microgravity environment. It will 
also monitor crewmembers during exercise regimens, reduce vibrations during the 
performance of those regiments, and facilitate periodic fitness evaluations. 

e Environmental Health System (EHS). This monitors the atmospheres of the vehi- 
cles for gaseous contaminants (i.e. from nonmetallic materials outgassing, combus- 
tion products and propellants), microbial contaminants (i.e. from crewmembers 
and vehicle activities), water quality, acoustics, and radiation levels. 

e Health Maintenance System (HMS). This provides inflight life support and resusci- 
tation, medical care and health monitoring capabilities. The medical kit includes: 
— Ambulatory Medical Pack (AMP) 

— Advanced Life Support Pack (ALSP) 

— Crew Contamination Protection Kit (CCPK) 
— Defibrillator 

— Respirator Support Pack (RSP) 

— Crew Medical Restraint System 

— Medical Equipment Computer (MEC) 

— Medical Checklist. 


5.4.2 Crew Medical Evaluation and Monitoring Activities 


Very likely, the medical requirements for a Mars mission will be similar to the fundamen- 
tal evaluations and monitoring activities for the ISS, namely: 


e = Medical/Clinical Evaluation. In general preflight, inflight and postflight evalua- 
tions include a typical physical examination by the crew surgeon, neurological 
assessment, vision, hearing, and dental assessment, 24-hour ambulatory electrocar- 
diograms, bone densitometry, ultrasound imaging, clinical laboratory test (blood 
and urine) and body mass measurement. Inflight exams will be undertaken by the 
specialist Crew Medical Officer. 
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e Occupational Monitoring. Preflight and postflight biodosimetry is taken to deter- 
mine aberrations in chromosomes during the mission. There is also inflight moni- 
toring of radiation dosages and air and water quality. 

e Physical Fitness Evaluations. A submaximal, incremental load test is performed 
using a cycle ergometer to assess aerobic capacity preflight, periodically inflight, 
and postflight. Gym exercises determine preflight and postflight strength, endur- 
ance, flexibility, agility and balance. Strength and conditioning is also monitored by 
inflight exercise protocols. 

e Nutritional Assessment. Preflight and postflight nutritional assessment includes 
logging typical dietary intake using questionnaires, blood and urine chemistries, 
and body mass and composition measurements. Dietary intake, body mass mea- 
surements, and blood chemistry data are obtained on a periodic basis inflight. 

e Psychological/Behavioral Health Status. Assessing the behavioral health status of 
the crew is primarily done by psychiatrists or psychologists on Earth. Preflight, 
there is a general review of any life events that may impact upon behavioral health, 
as well as a review of each person’s support system and general mood. Inflight 
there are regularly scheduled private psychological conferences, monitoring of 
mood, and assessments of work/rest schedules. There are regular postflight psycho- 
logical interviews to evaluate how the crewmembers are readapting to life on Earth. 


Based on decades of monitoring crews in space, the human metabolic balance has been 
well defined. As it turns out, it can be simplified as an input/output analysis as follows: 


Input Output 

O, 1.84 CO, 2.20 

H,O 7.77 H,O 8.53 

Food/solids 1.36 Solids 0.24 

Total input 10.97 lb/person/day Total output 10.97 lb/person/day 


5.5 HUMAN FACTORS AND HABITABILITY 


This area focuses on activities and technologies that support the crew’s ability to effec- 
tively, reliably, and safely interact within all environments during the mission. It includes 
physical accommodations, fit, ergonomics of crew interfaces, physical and cognitive aug- 
mentation, training and integration tools, metrics, methods and standards. While human 
factors methods were utilized in designing the Orion spacecraft, a crew will use this vehi- 
cle for only a small fraction of the time during a mission to Mars. Most of their time will 
be spent in the Habitat Module, the design of which is still in the conceptual stage. Several 
contractors have offered designs, and some of the ground based habitation analogs have 
yielded some insight into the design requirements for the Habitat Module, as well as the 
Logistics Module and (to a lesser extent) the SEV(s). 

Human factors scientists and engineers exploring types of Habitats have noted that cur- 
rent concepts may not “extend gracefully” to deep space exploration missions. Instead, 
NASA will have to employ human-systems technologies that afford the crew a higher 


92 Crew Risks and Health Systems 


level of autonomous activity, including far better integration with onboard automation. 
Less ground-based support will also necessitate improved onboard training and decision 
support tools, including systems that support recurrent or refresher and just-in-time train- 
ing for both nominal and off-nominal operations. 

Preserving the safety of the crew, promoting human performance, and increasing effi- 
ciency during all phases of a mission can be achieved by integrating human factors prin- 
ciples into the operational environment and spacecraft design. This includes the hardware 
and software of the overall vehicle. Optimized usability of the workspaces, equipment and 
tools for the long trip is paramount. No matter how big the Habitat Module, it will seem to 
get smaller over time. It will be possible to retreat to the Logistics Module and the (pow- 
ered down) Orion from time to time, but these specialized vehicles will not be appropriate 
places to efficiently live and work for any length of time. 

Human Factors research aims to develop effective, efficient, usable, adaptable and 
evolvable systems to achieve mission success based on increased understanding of human 
performance as well as human capabilities and operational constraints. The Technology 
Roadmap identifies the candidates for work in this area. Just as the Orion human factors 
design included whatever was necessary for its role in the launch, maneuvering, deep 
space cruise, and reentry and recovery phases, so too must the Habitat Module. 

Some of those technology areas for the Habitat include both preflight ground-based 
research and technologies that will eventually drive the design, such as the following: 


e Advanced User Interface Concepts. For example intuitive common operation 
between different systems and increased capability, usability, and reliability. 

e Physical, Cognitive and Behavior. For example cross-cutting technologies for 
physical and cognitive aids, portable, wearable, and automated interfaces. 

e Systems Integration Tools. For example analysis tools for process assessment. 

e Crewmember Training Aids. Onboard training display formats and systems to assist 
in making decisions. 

e Long Duration Microgravity Workstation and Tools. Computational human modeling 
and assessment tools, including video-based motion analysis for design consideration. 

e Systems Interfaces for Increased Autonomy. Testing to obtain physiological data 
from users. 

e Human-Robotic Interfaces for Increased Autonomy. Should some form of robotic 
system be designed into the Habitat, this will need to be evaluated at the interface 
for efficiency and safety. 

e Ergonomics of the Crew Hardware/Software Interface. Modeling of the crew inter- 
faces to show accommodation, fit, performance limitations, and potential risk to injury. 

e Physical Accommodation. Ensure EVA-suited crew can safely perform diverse tasks. 


5.6 EXERCISE PHYSIOLOGY 


According to the Director of Exercise Physiology at the Johnson Space Center, exercise is 
the number one health priority for traveling in space. No other activity (except eating and 
sleeping) is assigned that much priority. So while it was mentioned above, it deserves 
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more explanation. On a round trip to Mars’s moons lasting more than two years, a signifi- 
cant portion of a crew’s time will include specific and sufficient exercise designed to 
maintain their health, as otherwise they will lose bone and muscle and become weak, 
reducing their ability to do work; perhaps to the extent of posing a critical risk in an emer- 
gency situation. 

The effects of microgravity on humans have been studied for decades, and there is a 
major program to mitigate these problems on the ISS. This work over the years will cer- 
tainly have a major impact on the crewed mission to Mars. Most likely, the exercises will 
take place in the Logistics Module. 


5.6.1 Areas of Study 
The areas of study include the following: 


e Muscle Function. Research has suggested that long stays in space could reduce 
overall muscular function by as much as 40%. Adherence to special exercise regi- 
mens before, during, and after space flight helps to reduce the impact of the muscu- 
lar changes which occur microgravity. This work relates to the various types of 
exercises and equipment, some of which are described below. 

e Bone Health. One area of research seeks to overcome the loss of bone density 
because (without effective countermeasures) an astronaut can lose up to 1-2% of 
their overall bone density per month, which is twice as much as an average adult 
loses in an entire year. Other bone related issues include increased risk of kidney 
stones, hip and spine problems, fractures and other injuries, and impaired healing 
capability. 

e Cardiovascular Response. Even brief periods of exposure to reduced gravity can 
cause cardiovascular changes such as fluid shifts, changes in total blood volume, 
heartbeat and heart rhythm irregularities, and diminished aerobic capacity. These 
effects can continue postflight. Current protocols combine physical exercise, bal- 
ance nutrition and medication as appropriate. Long duration missions into deep 
space may require even more effective countermeasures. 

e Behavioral Health and Performance. Just as space flight can exact a significant toll 
on the human body, it can also impose psychological stress with issues ranging 
from sleep loss and anxiety to communication difficulties and team dynamics 
which can affect the health, safety, and productivity of crewmembers. Owing to the 
high demands that space flight places on crewmembers, and the low margin of error 
that exists when it comes to maintaining safe conditions, behavioral health and 
performance is an important area of research. 

e Immunology. Decades of space flight experience and research have established 
that the human immune response changes in that environment. However, the 
precise causes and mechanism of the changes have not yet been definitively 
identified. Suppression of the immune system appears to be a common problem, 
and because some bacteria and other microorganisms may be more dangerous in 
the space environment and therefore pose a greater risk of contagion, achieving 
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an understanding of how this system responds is an important research priority, 
particularly for Mars missions. 

Sensorimotor. This system includes the sensory organs (eyes, ears, skin) of the ner- 
vous system and also the body’s motor controls. It governs the body’s ability to per- 
ceive and respond to the external environments, as well as its ability to move and 
other functional activities. A number of sensorimotor disturbances have been observed 
while the body is adapting to the space environment and readapting upon return to 
Earth. Common issues include control of movement, ability to see and interpret infor- 
mation, motion sickness, and difficulty in walking when back on Earth. These will be 
significant challenges for a mission to orbit Mars, and even more so for a landing/stay 
mission which will impose a long period of one-third gravity. 


5.6.2 Equipment 


Examples of the types of exercise equipment flown on the ISS and candidates for inclusion 
on a Mars spacecraft include the following: 


T2/COLBERT. The Combined Operational Load-Bearing External Resistance 
Treadmill is the next generation ISS T2 treadmill, named for Stephen Colbert of 
Comedy Central’s “Colbert Report.” He got his audience interested in the ISS, and 
they voted to name the ISS Node 3 module after him but NASA named it Tranquility 
in honor of the Apollo 11 landing site and assigned his name in acronymic form to 


Fig. 5.7 The COLBERT treadmill for the ISS. (Photo courtesy of NASA) 
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Fig. 5.8 Steven Swanson works out on the treadmill. (Photo courtesy of NASA) 


the treadmill that is installed in that module. The T2 includes a vibration isolation 
system which doesn’t need power; it has springs and dampeners. The system has a 
control interface and data collection device that shows how effectively the treadmill 
exercise minimizes the loss of bone and muscle density. The entire system, which 
masses over a ton and is therefore a major piece of apparatus, is designed to last the 
operational lifetime of the station. 


CEVIS-Cycle Ergometer with Vibration Isolation and Stabilization. Astronauts use 
this apparatus to attain aerobic and cardiovascular conditioning through recumbent 
cycling activities. It also supports ISS science activities, pre-breathing in advance 
of an EVA, periodic inflight fitness evaluations and fitness assessments preparatory 
to returning to Earth. It is located in the U.S. Laboratory Module called Destiny. Its 
usage depends on individual crewmember’s exercise preference, varying in the 
range 2-7 times per week for 30—90 minutes per session. 


Advanced Resistive Exercise Device (ARED). This apparatus uses adjustable resis- 
tance piston-driven vacuum cylinders and a flywheel system to simulate free-weight 
exercises in normal gravity which include squats, dead lifts, and calf raises. Its 
primary goal is to maintain muscle strength and mass during long periods in space. 
These exercises help to increase the endurance of astronauts for physically demand- 
ing tasks such as spacewalks. 
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Fig. 5.9 Rick Mastracchio working out on the CEVIS in the U.S. Laboratory Destiny. (Photo 
courtesy of NASA) 


e Force Shoes. This engineering evaluation of the XSENS Force Shoe system uses a 
fully ambulatory system for 3D measurement of forces and torques under the foot, 
as well as 3D kinematics of the foot. It offers an alternate method of measuring the 
exercise loads on the ARED. Data is sent wirelessly from the shoe in real-time to 
dedicated software. Researchers use the measurements made by the system to 
quantify load data for current and future experiments. 
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Fig. 5.10 Dan Burbank works out on the ARED in the ISS Tranquility Node. (Photo courtesy 
of NASA) 
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Fig. 5.11 The XSENS Force Shoe can be worn to measure forces while using the ARED 
system. (Photo courtesy of NASA) 


5.7 EVA RISKS 


5.7.1 Overview 


Extravehicular activity is probably the most demanding activity that an astronaut can 
undertake. It uses extremely sophisticated systems, and is also complex from a preparation 
and operations point of view. When it comes to crew risk, EVA is near the top of the list for 
non-abort related events. Much has been learned from all the previous spacewalks, particu- 
larly in the past decade on the ISS. This activity, and the inherent risks, will be somewhat 
different for a mission to the Martian moons because that might involve surface operations. 
NASA has a significant ongoing effort to develop EVA systems technology for a Mars mis- 
sion, with emphasis on a landing/stay mission. Some of the technology is applicable to 
exploring Mars’s moons, but some of it is not. Given the number of modules in the space- 
craft and the length of the interplanetary flight and in orbit around the planet, EVA may be 
required from the Orion for an emergency but most of the activity will be from the airlock 
of the Habitat Module/Tunnel and from the SEV acting as a taxi for the EVA crew. If the 
precursor mission is based only on those vehicles and the apparatus that will be needed to 
collect samples from the moons, deposit experiments there, and perhaps install equipment 
for future missions, there is no need to develop a special habitat that will land on the moons 
(although some studies envisaged doing so, as was discussed in Sect. 3.5). 
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By adopting the “minimalist” approach for the first mission to enter into orbit around 
Mars, the SEV becomes the primary vehicle for visiting the moons, and when the astronauts 
don their full pressure suits and exit the SEV they will remain either tethered to the vehicle 
or attached to foot restraints on a boom. The following are some of the risks and concerns. 


5.7.2 Suits 


One major EVA concern is the regolith (including unconsolidated material such as dust) 
that is on the surfaces of the moons (and also on Mars for that matter) because the soils of 
Deimos and Phobos have still to be characterized. One theory is that the dust could be very 
thick; up to 3 ft (1 m) deep. The lessons learned from Apollo indicate that the regolith 
could have damaging effects on the suits as well as inside the spacecraft. Consequently, 
EVA suit designers are incorporating dust mitigation strategies including: 


e Excluding the dust from the habitable environments by developing systems to 
remove, repel, or collect dust. 

e Utilizing a system of locks to achieve the above. 

e Incorporating mechanisms in the EVA suits to protect the bearings and disconnects 
for oxygen, water, power, data lines, purge valves, and other components. 

e Developing change-out dust seals and mechanisms with active dust repellant 
properties. 

e Developing suit textiles that are resistant to dust and to abrasive activities. 


Section 4.4 reviewed the Z-2/3 suit design concepts for exploration of bodies such as 
Mars or its moons. It may turn out that EVA suits for surface operations must be different 
from those for spacewalking to service/repair vehicles in space. It seems that no single 
EVA suit design is able to operate in all environments. 


5.7.3 Tools 


The main purpose of EVAs on the moons of Mars will be to perform scientific and engi- 
neering observations and to collect samples for analysis either onboard using the appara- 
tus available in the Habitat Module or in great detail after returning to Earth. The secondary 
purpose is to leave experiments in situ to report observations by radio and to install appa- 
ratus to assist later flights. All of this requires special tools. The tools which will be 
launched onboard Orion for use in an emergency are already defined. They weigh about 
200 Ib (90 kg). Other tools will be needed in order to undertake emergency EVAs and 
exploration activities. 
For example: 


e Tethers, safety, waist, retractable equipment. 

e Reaching/grapple and geological tools to acquire samples. 
e Sample bags, storage bags, drink bags, food bags, etc. 

e Anchoring tools to overcome the low soil mass. 

e Repair kits and tools. 

e Helmet and site work lights 
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The Engineering Directorate of the Johnson Space Center was responsible for the 
research, design, development, and testing of both EVA and IVA tools for the ISS, and will 
continue to lead this work for future exploration missions. 


5.7.4 Risks 


EVA is a risky activity. The best known recent illustration of this happened to ESA astro- 
naut Luca Parmitano on July 16, 2013, when a failure in the fan pump separator of his life 
support system allowed 1.5 liters of water to enter his helmet. It soaked his head and got 
into his eyes, nose, and mouth. He managed to find his way “blind,” back to the airlock. It 
was a dangerous situation. Even the pioneering EVA by Alexei Leonov on March 18, 1965 
was a near disaster, although this was not publicized at the time. I had an occasion to dis- 
cuss that with him many years later. Because I was working on Mission Rules for Gemini 
IV at the time, I also had the occasion to discuss Ed White’s first EVA prior to his flight. 
The following are classical EVA risks which could occur on an EVA to the moons of Mars: 


e Decompression sickness. 

e Orbital debris-suit leak. 

e Fire. 

e Radiation. 

e Frostbite/superficial burns. 

e Injuries. 

e Dehydration/low glucose. 

e Separation from the vehicle. 
e Incapacitation. 


The Management Office at JSC works with many scientists and engineers in the aero- 
space community to refine the engineering, operations, and safety aspects of EVA opera- 
tions for the ISS. That effort will be fed into planning for missions into deep space, such 
as a Mars Orbital Mission, as well as for the unique challenges of landing/stay missions in 
the future. 


Part II 
A Safer, Quicker and Cheaper Plan 


6 


The Flexible Path to the Moons of Mars 


6.1 THE FLEXIBLE PATH HISTORY 


Chapter 2 gave a general history of planning for space exploration over a period of a quar- 
ter of history. Here we not only provide more historical detail concerning the “Flexible 
Path” but also offer food for thought for the mission planners. Specific operational con- 
cepts are offered, along with suggested systems to obtain samples of the moons and pos- 
sibly install scientific packages there. Having once worked on the operational aspects of 
the Apollo Lunar Surface Experiment Package (ALSEP), I see this concept as a continua- 
tion of that approach to collection of science from the moons — one could call these the 
Deimos Space Experiment Package (DSEP) and the Phobos Space Experiment Package 
(PSEP). Other ideas are also offered, such as to rendezvous and station keep with and/or 
soft attach/dock with the moons and acquire samples and leave the experiments, and also 
to send robotic landers down to the surface of Mars and teleoperate them from orbit. 

I first got involved with Mars related documents in 1991; over a quarter of a century 
ago. My wife, Dayle Thompson and I worked for TADCORPS as the support contractor 
for the NASA Headquarters Space Station Program Office. One of our assignments was to 
support astronaut Thomas P. Stafford’s Synthesis Group to produce their report on 
America’s Space Exploration Initiative America at the Threshold. As a side note, it was 
then that I met Alexei Leonov. As a former Apollo Pressure Suit Test Subject, I was eager 
to discuss the problems he had with his pressure suit during his pioneering EVA. To reen- 
ter the airlock of Voskhod-2 he had almost to depressurize his suit! 

The Synthesis Group report was commissioned by President George H. W. Bush and 
Vice President Danforth Quayle, who was also Chairman of the National Space Council. 
The report reviewed four major architectures: (a) Mars Exploration, (b) Scientific 
Emphasis for the Moon and Mars, (c) Moon to Stay and Mars Exploration, and (d) Space 
Resource Utilization. It didn’t mention a Mars Orbital Mission to Deimos and Phobos. In 
response to the group’s request for public comments, I submitted a paper proposing con- 
sideration of an “Apollo 8 approach” to the first Mars mission. Essentially, this is what I 
now consider a Mars Orbital Mission to its moons, but to date such a mission has not 
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received much attention or priority. But I think there is some hope. Ever more papers and 
conferences are focused on the subject, and a growing number of scientists are supportive 
of such a mission. The Agency responded with the 1992-1993 NASA Mars Design 
Reference Mission 1.0. And from 1994-1999 the NASA exploration community under- 
took a series of studies that focused on human and robotic exploration of Mars. Then the 
NASA Administrator set up an internal task force called the Decadal Planning Team (DPT) 
to create a new integrated vision and strategy for space exploration. This effort led to the 
Agency-wide NASA Exploration Team (NEXT) that studied the technologies required for 
a variety of lunar, deep space and Mars missions, and emphasized the national require- 
ment for a heavy lift launch capability. 

In the 2002-2003 time frame, NASA published an Integrated Space Plan that embraced 
the “stepping stone” approach to exploration; a progressive expansion outward beyond 
low Earth orbit. In 2004, President George W. Bush announced Vision for Space 
Exploration and NASA established the Exploration Systems Mission Directorate, which 
created detailed requirements and systems analysis which emphasized lunar missions that 
would support long-term exploration endeavors. 

In 2005, Dr. Michael D. Griffin became the new NASA Administrator. He immediately 
set out to restructure the NASA Exploration Program by accelerating the development of 
the Crew Exploration Vehicle (CEV) in order to reduce or even eliminate the planned gap 
in U.S. human access to space. The Exploration Systems Architecture Study (ESAS) team 
took all the earlier Mars studies and assessed the various possible lunar architectures as 
steps towards Mars, with emphasis on establishing a Heavy Lift Launch Vehicle (HLLV) 
and a crew-to-low-orbit system. 

In 2006-2007, a Lunar Architecture Team (LAT) and a Mars Architecture Working 
Group (MAWG) each defined reference architectures with participation from all NASA 
Centers. The result was another group called the Mars Exploration Program Analysis 
Group (MEPAG) that focused upon the scientific goals, objectives, investigations, and 
priorities. A sub-group called the Human Exploration of Mars-Science Analysis Group 
(HEM-SAG) tracked all of the goals and then published a report in 2008 entitled Planning 
for the Scientific Exploration of Mars by Humans. MEPAG commonly calls this the “Goals 
Document” and it is updated about every two years. That was previously discussed also. 

Pulling together all the previous studies (some called Design Reference Missions) a 
Design Reference Architecture (DRA) 5.0 was issued in 2007 as NASA Special Publication 
SP-2009-566. This has been periodically updated to include what information the robotic 
missions have learned. It wasn’t until 2014 that Mars Orbital Missions were mentioned. 

In 2009 a Commission chaired by Norman R. Augustine, a former chief executive offi- 
cer of Lockheed Martin, met to review the plans for human space flight and, if appropriate, 
to offer alternatives. Its report was called Review of U.S. Human Spaceflight Plans 
Committee. At the time, the field included the Space Shuttle, the International Space 
Station, plans for heavy lift launch vehicles and options for ferrying crews into low orbit. 
The Commission also addressed the most practical exploration strategies for deep space. 
It was later decided to retire the Space Shuttle in 2011 and to continue ISS operations 
through to at least 2024. It was also decided to support commercial efforts to transport 
cargo and crews to low orbit and even to launch other satellites. Commercial operators 
will undoubtable be involved in missions to Mars; most likely by placing equipment and 
supplies into low orbit for transfer to the vehicles that will set off to Mars. 
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It was in the later area of the report that the Commission explored options for various 
lunar, asteroid, and Mars missions that NASA was unlikely ever to be able to fund. To 
overcome the criticism that “other activities” would delay the ultimate goal of landing 
humans on Mars, the Commission proposed a “Flexible Path” that included (among many 
options) the possibility of studying the Martian moons. 

It is this mission that I wish to focus upon. There are several reasons. Such a mission 
would be at least an order of magnitude “easier” than one which attempts to land (with 
another vehicle) on the surface of Mars, work there (requiring another vehicle(s) and more 
resources) and launch back into Mars orbit to rendezvous again for a return to Earth. The 
Commission states: “At least initially, astronauts would not travel into the deep gravity 
well of the Martian surface, deferring the cost of developing human landing and surface 
systems.” This rather subtle statement is a key issue that doesn’t really do justice to the 
difficulties involved in undertaking a full scale landing and stay mission on the planet. 

The Commission discussed three strategies for exploration beyond low Earth orbit, 
namely: Mars first, the Moon first, and the Flexible Path. It was recognized that while a 
mission to Mars is the ultimate destination, it should not be the first destination; or specifi- 
cally “it is not the best first destination.” The strategy for selecting the Moon first seemed 
to be focused on developing the operational skills and technologies for landing on, launch- 
ing from, and working on a surface that would one day enable us to explore Mars. The 
Commission went on to discuss habitats and lunar colonies. To be sure, there are many 
people who think that we should go back to the Moon first to establish the capability to 
operate there for prolonged periods as preparation for missions to Mars. Indeed, there are 
even people who think we should not go to Mars at all. 

The Commission presented the third strategy, called the Flexible Path, as a means to 
explore beyond low Earth orbit in a progressive manner, eventually extending out to Mars. 
In addition to cislunar space, lunar orbit, the lunar surface, and gravitationally stable 
Lagrangian points, they envisaged the possibility of visiting asteroids and comets that 
were passing close by Earth. Then they added the orbit of Mars and rendezvousing with a 
moon of Mars. It is this last reference that I would like to emphasize, because I feel this is 
the “best first” option. It would be a “giant leap” for deep space exploration and could be 
undertaken many years (if not a decade) before all the spacecraft systems and equipment 
could be made ready for a Mars landing/stay mission. 

By the time the Commission’s report worked its way through NASA’s planning cycle 
and the NASA Authorization Act of 2010, the realities of the budgets and the state of the 
Space Shuttle and the International Space Station, the path that was chosen emphasized 
the Moon. It was clear that any path would need more capable and robust launch vehicles 
and spacecraft. The ongoing work for the Orion and Space Launch System and their 
required technologies proceeded as was appropriate for any mission in deep space. 
Reference vehicle designs were established and their development is proceeding. The 
NASA FY 2017 budget provides sufficient funding to continue with the estimated launch 
of the first unmanned Exploration Mission EM-1 around our Moon in late 2018. 

As recently as July 2016, the 3rd International Conference on the Exploration of Phobos 
and Deimos was hosted by the NASA Ames Research Center. It was subtitled “The Science, 
Robotic Reconnaissance, and Human Exploration of the Two Moons of Mars” and readily 
captured the excitement of several international robotic space missions and concept 
studies which were being carried out in the United States, Japan, Russia, and Europe. 
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Even seven years after the Augustine Commission’s report, the Flexible Path option was 
still pertinent. 

The path to attaining orbit around Mars in order to investigate its moons requires a 
specific Design Reference Mission effort and related documentation. More thought must 
be devoted to the planning of a decision to visit Phobos (and probably Deimos) to obtain 
soil samples, as this may need specific enabling technology. There are options for achiev- 
ing even those lofty goals. 

One concept is for the entire “stack” or “mothership” (i.e. the Orion with its Service 
Module, the Deep Space Habitat, Logistics Module, Space Exploration Vehicle and 
Exploration Upper Stage) to rendezvous with each moon and “station keep” with it at a 
safe distance. Then one or two crewmembers would take a SEV (currently in the prototype 
stage) into close proximity of the surface to enable either an astronaut or a robot to retrieve 
samples and deploy experiments. These activities completed, the combined spacecraft 
would change orbits to rendezvous with the other moon to repeat the process. Another 
option studied would park the “stack” in a high Mars orbit (i.e. outside the orbit of Deimos) 
and send the SEV down to the moons before returning to the stack. See Sect. 6.4 on 
Trajectory Considerations. 

There will certainly by a psychological benefit in having an astronaut setting foot on 
Deimos and Phobos, as opposed to landing a robot. Arguably, this would be a greater 
achievement than stepping onto the lunar surface again after such a lengthy hiatus. 

The degree to which samples of the Martian moons could be acquired has yet to be 
properly studied. See Appendix 2 for how the Russians launched the Fobos-Grunt 
(Russian for Phobos-Ground) mission in 2011 to obtain soil samples and return them to 
Earth. Although the mission failed to leave Earth orbit, the way in which the mission 
objectives were intended to be carried out is very interesting. Other robotic missions to 
Phobos are also being planned. Other nations are planning to place automated craft into 
orbit around Mars. 

A mission to the Martian moons will not need all of the infrastructure for landing a 
crew on Mars, having them spend a considerable period on the surface and then lift off in 
order to head home. It will not incur the cost of developing all the additional vehicles and 
support equipment, resources, and supplies for a mission to the surface of the planet. It 
will not incur the additional crew risk. It could incur additional radiation risk, in that one 
of the trajectory options requires a flyby of Venus for its return to Earth. But the radiation 
exposure of a lunar or asteroid mission will also require mitigation measures comparable 
to a mission to the Martian moons, so this is really a general issue. 


6.2 DEIMOS AND PHOBOS 


Scientists have been proposing and figuring out missions to the Martian moons for some 
time, with the focus primarily on Phobos, which is the larger of the two and closer to the 
planet. As some robotic satellites operated in the vicinity of Mars they took pictures of 
both moons. Their payloads weren’t designed to study the moons, they were optimized for 
Mars, therefore not as much scientific data is available for the moons as we might desire 
in planning a human mission that will collect samples. 
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Fig. 6.1 An image of Phobos by the High Resolution Imaging Science Experiment (HiRISE) 
of Mars Reconnaissance Orbiter (MRO) taken on March 23, 2008. The moon orbits in a plane 
close to the Martian equator, the spacecraft was in a high polar orbit and some 4,200 miles 
(6,760 km) away at the time. The illuminated portion spans 13 miles (21 km) and features the 
region that always faces the planet. The camera was built by Ball Aerospace and Technologies 
and operated by the University of Arizona. The color is achieved by combining the blue, 
green, red, and near-infrared channels. Note that this color enhanced view is not how Phobos 
would appear to the astronauts. (Photo courtesy of NASA JPL/Caltech/University of Arizona) 


In the first image it is interesting to note that some scientists suspect the light areas 
radiating from the largest crater on Phobos (named Stickney in honor of the maiden name 
of Asaph Hall’s wife) could be material ejected into space by impacts on Mars that later 
collided with the moon. This might be an interesting area to sample. 

The albedo (reflection coefficient) of the moon is only 0.056, which is about the same as 
a charcoal briquette. It may well be the darkest object in the solar system! The second image 
is more representative of how Phobos would appear to the naked eye. It would be difficult 
to see from a distance when viewed against space. When viewed from above, it will be 
appear as a black marble against the bright surface of the planet. When viewed transiting the 
Sun from a vantage point on the planet, the moon only partially masks the solar disk. 


Fig. 6.2 On July 28, 2008, Mars Express flew by Phobos at a range of 218 miles (351 km) 
and used its High Resolution Stereo Camera (HRSC) to take this picture of the side of the 
moon that always faces away from Mars. The spacecraft was in a highly elliptical orbit 
inclined at 86.3° to the planet’s equator that ranged between 185 miles (298 km) and 6,280 
miles (10,107 km). (Photo courtesy of ESA/DLR/FU Berlin/G. Neukum) 


Mars Express 
HRSC/SRC 


Fig. 6.3 A geometric perspective of how the previous photo was taken. (Photo courtesy of 
ESA/DLR/FU Berlin/G. Neukum) 
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On March 5, 2010, Mars Express flew by Phobos at a range of just 42 miles (67 km), 
giving scientists data on its gravitational field. Using the Mars Radio Science (MaRS) 
experiment that detects changes in the spacecraft’s velocity relative to Earth caused by the 
gravitational field of Phobos, Principal Investigator Dr. Martin Patzold from the University 
of Koln, Germany, found that Phobos is probably a second-generation solar system object, 
implying it coalesced (from a rubble pile) in orbit around Mars after the planet had formed, 
rather than the two forming at the same time from a single cloud of material. 

More recently, on January 14, 2016, ESA’s Project Scientist Dr. Dmitri Titov reported 
that Mars Express flew within 33 miles (53 km) of the moon’s surface, and that although 
the High Resolution Stereo Camera didn’t work, valuable data was obtained by other 
instruments. Two more close encounters were planned for July 4, 2016. The tracking data 
from these flybys has enabled the mass and density of Phobos to be accurately measured. 

To date, many scientists believe that the two Martian moons are not captured asteroids 
but were born in orbit around the planet from a disk of debris. A good sample returned 
from each moon would provide more certainty. 

Planetary scientists Dr. Scott L. Murchie, Dr. Daniel T. Britt and Dr. Carle M. Pieters 
have coauthored a paper in the journal Planetary and Space Science that is entitled “The 
Value of a Phobos Sample Return.” They explore the full range of questions concerning 
why and how to explore Phobos and Deimos. After a detailed discussion of the possible 
origins of the moons, their bottom line was that the issue can be satisfactorily resolved 
only by returning samples to Earth for laboratory analysis. The paper describes several 
possible ways to obtain the samples. Significantly, this process could involve a human 
mission. “Phobos occupies a unique position physically, scientifically, and programmati- 
cally on the road to exploration of the solar system. It is a low gravity object moderately 
inside the gravity well of Mars. Scientifically, it is both an enigma and an opportunity: an 
enigma because the origins of both it and Deimos are uncertain, and provide insights into 
the formation of the terrestrial planets; and an opportunity because it may be a waypoint, 
a staging point, a cache point or a communications relay for future human exploration of 
the Mars system.” 


6.3 A PROPOSED CREWED MISSION 


As early as 1997, the Panel on Mars Sample Return concluded that “contamination of 
Earth by putative Martian microorganisms is unlikely to pose a risk of significant impact.” 
However, in acknowledging that the “risk is not zero” it recommended that any samples 
returned from there by spacecraft ought to be contained and treated as though they were 
potentially hazardous until proven otherwise. The same would logically apply to samples 
from the Martian moons. 

Materials returned to Earth by a robotic spacecraft will have to be captured in some 
manner. The Panel said that such a mission must occur long before a human mission to the 
surface. The logic is that detailed analysis of the samples would yield a tremendous 
increase in our scientific knowledge of Mars, and that this information will be essential for 
the health and well-being of astronauts and for protecting Earth against biological con- 
tamination. Yet this is not the current NASA plan! 
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Assuming that one or more robotic missions to the Martian moons are approved, funded 
and carried out in the 2018-2020 time frame, what might they provide as precursor knowl- 
edge for a human mission? If a sample return had been achieved and returned to Earth, it 
would probably amount to just a few ounces/grams. Furthermore, it would have been col- 
lected from only one or two locations. Small samples of the Mars orbital environment 
might be useful for the spacecraft designers, but the scientific community would wish for 
more varied and larger regolith samples. Given the time frame and the status of the crewed 
vehicle(s) and the need to plan for sampling and to make the necessary storage devices, 
what would a human mission achieve? The objectives and constraints would probably fol- 
low along the lines of the previous studies. 

At the 2012 Global Space Exploration Conference, the MEPAG Precursor Science 
Analysis Group presented a paper entitled “Is Mars Sample Return Required Prior to 
Sending Humans to Mars?” (see the References). One of its major premises was that prior 
to sending humans to the surface of Mars, we should return samples from the planet to 
Earth for scientific analysis using the vast laboratories available here on Earth. This would 
reduce the risk to crews. The scientific investigations fell into five themes: (a) Life and 
Biohazards, (b) Resources, (c) Atmosphere, (d) Human Factors and (e) Surface Hazards. 
The paper went into detail to emphasize the protection of both Mars and Earth, not just the 
lives of the astronauts. 

A briefing to the NASA Advisory Council in March 2012 discussed how crewed mis- 
sions to the Martian moons could reduce mission risk and prepare for human missions to 
Mars’s surface. A team from the NASA Langley Research Center gave a presentation 
entitled “Considerations for Developing a Human Mission to the Martian Moons” at the 
Space Challenge Conference in March 2013 hosted by the California Institute of 
Technology. This paper analyzed two different trajectory approaches to rendezvousing 
with each moon. And in January 2014, the FY 2013 final report of the HAT Destination 
Operations Team briefly described a Defined Reference Mission to Deimos and Phobos 
and another one for a Mars Orbital Mission tele-operated mission. 

In the 2015 version of the “Mars Science Goals, Objectives, Investigations and 
Priorities” by the MEPAG Goals committee, Goal IV: “Prepare for Human Exploration,” 
was revised to take into account the data supplied by the robotic rovers over the years. 
Many of the objectives in the 2012 Goals Document were updated. One of the conclusions 
is consistent with the theme of this book. The “Sequence of Mission Types” section says 
that although there are many architectural choices available to undertake a given mission 
type, the precursor investigations required for a given type of human Mars missions are 
largely constant, dependent primarily upon whether or not the mission is to Mars orbit 
only, to Phobos and/or Deimos only, or to land on the planet and subsequently achieve a 
sustained presence on the surface. However, they seemed to prioritize a human mission to 
Mars orbit (without the moons) and then skip to the planet’s surface. Would it not make far 
greater sense to combine the Mars orbit mission with investigations of the moons, rather 
than to postpone the moons until after a planetary landing had been achieved? They admit 
later that that decision would be political and therefore beyond the scope of their study. 

The Goal IV Objective C details are repeated here and amplified from the point of view 
of a crewed mission, and include the scientific observations identified by the MEPAG 
study group. 
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Objective C states, “Obtain knowledge of Mars sufficient to design and implement a 
human mission to the surface of either Phobos or Deimos with acceptable cost, risk and 
performance.” They then list sub-objectives (in order of priority): 


C-1. Understand the geological, compositional, and geophysical properties of the 

moons sufficient to establish specific scientific objectives, operations planning, and 

potentially available resources. Supporting investigations (in order of priority) 
included: 

1. Determine the elemental and mineralogical composition of the surface and near 
surface of Phobos and Deimos. 

2. Identify geological units for science and exploration, and surface materials that 
would be available for future in situ resource utilization operations. 

3. Determine the gravitational fields sufficiently to infer the internal structure and 
mass concentrations of Phobos and Deimos. 

How could a crew obtain the data for these objectives and investigations? Well 

given that they will be in Mars orbit, it should be relatively easy in most cases. Let’s 

look at them at the investigation level (in order): 

— C-1,1. This would be satisfied best by the crew conducting a sampling EVA of 
several areas on each moon. The samples would be packaged and stowed to be 
returned to Earth. If the mission had a Habitat Module with even an elementary 
laboratory, then some analysis could be performed during the trip home. Should 
the mission not involve EVA but robots, then the crew would be controlling the 
robots from the spacecraft in order to perform the investigations. 

— C-1,2. This can be accomplished by the EVA astronaut being a geologist, or at 
least one trained sufficiently to make those observations. Depending on the stay 
time at each moon, perhaps some transmission of geological observations could 
be sent to Earth to allow a planetary geologist in Mission Control to monitor the 
situation and recommend observations to undertake and samples to select. Such 
an interaction would be feasible despite the long transmission times. 

— C-1,3. Although the gravitational field can be mapped by analyzing the tracking 
data, there could also be simple experiments to be conducted by the crew and by 
experiments left behind. If a moon contains many voids, there may be anomalies 
that will mean spending more time studying the interior. 

C-2. Understand the conditions at the surface and the low orbital environments of 

Phobos and Deimos sufficiently to be able to design an operations plan that includes 

undertaking close proximity and surface interactions. Supporting investigations (in 

order of priority) included: 

1. Measure and characterize the physical properties and structure of the regolith on 
Phobos and Deimos. 

2. Determine the gravitational field to a sufficiently high degree to be able to carry 
out proximity orbital operations. 

3. Measure the electrostatic charge and plasma fields near the surface of Phobos 
and Deimos. 

4. Measure the surface and subsurface temperature regime of Phobos and Deimos 

to constrain the range of thermal environment of these bodies. 
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e By considering these scientific investigations from the crew’s perspective, we read- 
ily infer the following: 

— C-2,1. An EVA astronaut could describe what they see in much the same way as 
during Apollo, with voice being both recorded onboard and transmitted to Earth. 
Depending on how much analysis can be done onboard, some of the properties 
could be measured and characterized by the crew. 

— C-2,2. This is similar to C-1,3, except that it is for the case of proximity orbital 
operations. The more experience the crew gains with rendezvousing and station 
keeping with the moons, the better defined will be the problem. There certainly 
will be some real-time lessons learned on the first rendezvous maneuvers. 

— C-2,3. This will require some onboard instrumentation and sensors that will be acti- 
vated and monitored by the crew at some key altitudes; mostly likely before any EVA. 

— C-2,4. This should be relatively easy to accomplish once the EVA astronaut can 
deploy some sensors. 


Observe that the size of the crew has not yet been defined. Many factors will determine 
their number and composition. The resources needed to support one person for two years 
in space is significant. The size of the crew will strongly influence the total mass at the 
start of the mission. Psychiatrists and psychologists will recommend a number, the mis- 
sion planners will indicate a number (possibly different), and the total system design will 
define the minimum crew size. In addition, the volume of the Orion will set the maximum 
number, the international partners will wish to include one of their own citizens, the safety 
people will have their say as to the number that will make EVAs on the moons, and the 
scientists (in addition to wanting as many of their own onboard) will seek to trade off one 
human for a robot and another one for the experiments left on the moons. Other factors 
include the design decisions regarding the size and capability of the Habitat Module, the 
Logistics Module, the SEV, and the mass available to return samples to Earth. A decade 
from now the number will be decided. All we can say at the moment is that the size of 
Orion will limit the crew to between four and six! 

These scientific investigations are exactly what a Mars Orbital Mission should be 
designed around. There may be other objectives that relate more to crew and ground oper- 
ations, but the main drivers for the mission will be the scientific objectives. The opera- 
tional and engineering objectives are always designed around crew safety and overall 
mission success, in whatever way the latter is measured. As always with human space 
flight, be it the first mission to the vicinity of Mars or not, the safe return of the crew will 
always be of the highest priority. 

Detailed planning should include how the spacecraft ought to attach itself to the surface 
of a moon to enable samples to be obtained. Specialized equipment will be required to be 
stored for the journeys both to and from the moons. This type of equipment is already 
being studied and prototyped for asteroid missions. Specialized systems and procedures 
will be needed to protect the samples as well as the crew from any potential hazards. How 
the samples are to be taken is open to question. Should this be done robotically or by an 
EVA astronaut? And if by an EVA, then this implies systems such as an airlock and ways 
to clean or doff the pressure suit before entering the SEV, and stowing the samples in 
sealed containers that will later be transferred to the Orion for return to Earth. 
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6.4 TRAJECTORY PLANNING CONSIDERATIONS 


There are basically four types of trajectories to Mars, i.e. conjunction class missions which 
are characterized by short(er) deep space transfer times and long surface stays (on the 
planet or its moons), and opposition class missions which are characterized by long(er) 
deep space transfer times and short(er) stays, plus two abort types. Here we will review 
examples of Mars Orbital Missions which focus on the moons. 

An opposition class trajectory requires 10 months to get to Mars orbit and about the 
same to come home, in the latter case possibly involving a gravity assist at Venus. Only 40 
days in this example is available for exploring the moons; a mere 6% of the total mission 
time. However, it is only 1 year 10 months in total time, versus 2 years 6 months for the 
conjunction class. But this is a generic case. In reality the durations vary a lot, depending 
on the year and the relative positions of the two planets, as well as conditions on reentering 
the Earth’s atmosphere. In terms of transit times and propellant requirements, 2033 will be 
a “good” year and 2041 will be a “bad” year. 


“Short-Stay” (“Opposition-Class”) 


Arrive Earth 
11/28/32 Depart Mars 


1/25/31 


Depart Earth 
2/6/31 


Arrive Mars 
12/16/31 


MISSION TIMES 
Outbound === 313 days 
Stay eee 40 days 


Return 308 days 
Total Mission 661 days 


Fig. 6.4 The opposition class trajectory. (Photo courtesy of NASA) 
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“Long-Stay” (“Conjunction-Class”) 


Arrive Earth 
12/11/20 


Arrive Mars 
11/7/18 


X. 


Depart Earth 


5/11/18 Depart Mars 


6/14/20 


MISSION TIMES 
Outbound === 180 days 


Stay wee 545 days 
Return 1 


180 days 
Total Mission 905 days 


Fig. 6.5 The conjunction class trajectory. (Photo courtesy of NASA) 


A conjunction class trajectory only requires a half a year to reach Mars but then you 
have to stay there for a year and a half before you can begin the trip back home. That is 
far too long on Mars and isn’t necessary to accomplish the required science. While it is 
only a half a year back home, the overall mission time is almost two and a half years. 
In the cost benefit analysis for a precursor mission, this duration would simply add to 
the total load placed upon on the crew and systems without substantially increasing 
the results. 

There are two types of trajectories for abort situations, namely a long free-return 
trajectory without capture by the planet, in which the spacecraft is able to return to Earth 
without a major propulsive burn (although there would probably be some minor mid- 
course corrections), and a propulsive abort trajectory where the transfer vehicle is used 
to modify the trajectory for return to Earth. The free-return trajectories would still sub- 
ject the crew to between one and a half and three years of deep space travel, depending 
upon the position of the Earth at that time. A good visual representation of many such 
trajectories can be viewed on YouTube; e.g. type in “2021 Earth-Venus-Mars Free 
Return Trajectory.” 
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When mission planners are focused on a Mars landing and want to optimize the stay 
time on the planet for science, they spend a lot of time planning conjunction class trajec- 
tories. However, if they desire to minimize the time the astronauts are exposed to the risks 
yet still achieve some great science and minimize the time the spacecraft elements need to 
function almost flawlessly, they should select the opposition class trajectory. 

A briefing in 2012 to the NASA Advisory Council by the Human Spaceflight 
Architectural Team (HAT) determined that this class of trajectory would provide sufficient 
time (i.e. 60-90 days) to meet all or most of the science and exploration objectives at 
Phobos and Deimos. A 2013 study entitled “Considerations for Designing a Human 
Mission to the Martian Moons” by Dr. Dan Mazanek of the Langley Research Center and 
the HAT team focused on an opposition class mission that would last 560 days, of which 
40-60 days would be spent in Mars orbit — the 560 days being at the minimum delta V 
energy point on the curve. The Planetary Society had a three day workshop in 2015 enti- 
tled “Humans Orbiting Mars — A Critical Step Toward the Red Planet.” Another 2016 
study by Dr. Michael L. Gernhardt from the Johnson Space Center and the HAT Mars’s 
moon team entitled “Human and Robotic Exploration Missions to Phobos Prior to Crewed 
Mars Surface Missions” focused on a conjunction class mission which would spend 500 
days in the Martian system in addition to the transit times, giving a total duration of about 
900 days (about two and a half years). In my humble opinion, this is way too long for the 
first human deep space mission. Keep in mind that trade-offs studies must review the total 
amount of propellant required at the beginning of the mission and the burns required to 
visit the moons and to get home. There have been a great many studies (some in great 
detail) but as far as I am aware they have not led to a detailed Designed Referenced Mars 
Orbital Mission to Deimos and Phobos based on an opposition class trajectory for a pre- 
cursor mission ahead of attempting the Mars landing mission. 

From the very beginning of a flight to Mars, the trajectory planners need to determine 
how to depart low Earth orbit and head for Mars, called the Trans Mars Injection (TMI) 
burn. After 8—10 months of coasting through deep space, a burn is required to place the 
integrated “stack” into a Mars parking orbit; the Mars Orbit Insertion (MOD) burn. The 
geometries of arrival at Mars and subsequent departure won’t be in the equatorial plane of 
Mars. A plane change to put the vehicle into the desired parking orbit will require a pro- 
pulsive burn. Both the 2012-2013 study by the Langley Research Center and the 2016 
study by the Johnson Space Center propose leaving the “stack” in an inclined and very 
elliptical parking orbit which ranges between 155 miles (250 km) and 21,010 miles 
(33,813 km) whose period coincided with one Martian day (called a sol). This High Mars 
Orbit (HMO) would leave the “stack” optimized for the return to Earth rather than for 
rendezvous operations to reach the two moons. 

This plan requires another crewed spacecraft possessing propulsive capability called a 
Space Exploration Vehicle (SEV) to leave the “stack” and rendezvous with Deimos and 
Phobos. Using the Apollo analogy, part of the crew would remain aboard the “stack” for 
return to Earth in the event of their colleagues failing to return from their investigations of 
the moons. Most likely, two (or more) crew would remain behind while two went to 
explore. A number of vehicles for this purpose are being conceptually designed; e.g. the 
Pressurized Excursion Vehicle (PEV). 
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Fig. 6.6 An artist’s rendering of an SEV flying to one of Mars’s moons. (Photo courtesy of 
NASA/AMA) 


A trip from an inclined, highly elliptical parking orbit could require substantial maneu- 
vers in order to rendezvous with each moon. Should something happen to the explorers, 
the remaining crew would have to return to Earth at the allotted time, leaving their col- 
leagues behind. Did you ever wonder how Michael Collins would have felt if he’d had to 
leave Armstrong and Aldrin on the lunar surface and come back to Earth on his own? What 
is the minimum crew size needed to fly the Orion/Habitat/Logistics and propulsion mod- 
ules back to Earth? 

A different (and, to my knowledge not yet studied) option would be to initially optimize 
the parking orbit for rendezvous with each of the Martian moons, whose orbits are closely 
aligned with the planet’s equator, even though this may require more propellant. The orbit 
of Phobos is inclined at 1.093° to the equator, and the orbit of Deimos at 0.93°. Both 
moons are traveling in the same direction as Mars rotates (called prograde orbits). Hence 
the trajectory planners must decide when and where the plane changes should be made. 
Once in plane, it will be possible to rendezvous with the moons and station keeping with 
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them as necessary for the flight plan. The fact that both moons are in nearly circular orbits 
simplifies matters. One operational concept is that because Deimos (the outer one) is 
12,474 miles from the surface of the planet, it would be logical for the inbound “stack” to 
insert itself into orbit around Mars at an altitude which (after plane change and circulariza- 
tion burns) would facilitate rendezvous with Deimos. On the other hand, it could be argued 
that the mission should target Phobos first, so that if there is a problem during or after that 
phase of the mission, the crew could abort the Deimos phase (presuming this to be of lesser 
scientific interest) in order to regroup and optimize the trajectory for the return to Earth. 

The average orbital speed of Deimos is approximately 3,027 mph or 1.3513 km/s, 
therefore it takes roughly 30 hours 19 minutes to orbit Mars. The idea would be to opti- 
mize the trajectory to be able to station keep with Deimos for sufficient time to obtain 
samples (by robot or by EVA) and to deploy scientific experiments. The escape velocity 
on this tiny, irregularly shaped moon whose dimensions are 7 miles (11 km) by 9 miles 
(15 km) is only about 12.4 mph or 5.56 m/s. Hence if the suited astronaut equipped with a 
jet pack were to jump up as hard as he could, his trajectory might peak at 667 ft (203 m) 
and the total flight up and down could take 22 minutes, making such an act a very danger- 
ous maneuver. 

The scientific community has already studied a variety of experiments that they would 
like to deploy on both moons. The reward for successfully pulling off this part of the mis- 
sion would be for the scientists to name the explored sites after the astronauts and other 
distinguished scientists and planners. The time devoted to studying Deimos would depend 
on the optimum time to begin the maneuvers needed to lower the orbit in order to rendez- 
vous with Phobos. 

The Langley Research Center study concluded that 14 days at each moon would be 
sufficient to accomplish the scientific objectives. Keep in mind how difficult it is for two 
crew to co-exist in a relatively compact Space Exploration Vehicle (SEV) for that length 
of time. In 1965 Frank Borman and Jim Lovell co-existed with great discomfort on Gemini 
VII for 14 days. Of course, the designs of the exploration vehicles are far bigger than the 
Gemini spacecraft. However, this problem makes the case for maneuvering the “stack” 
much closer to the selected moon, to allow the crew to fly back and forth, offload samples, 
and clean up before returning to each moon in a sortie manner. Perhaps it would provide 
an opportunity for other crewmembers to participate in exploring the moons. The huge 
“stack” would require to safely stand-off or perhaps be tethered to the moon for long 
enough to take samples, make observations, and deploy experiments. See Appendix 6 
Station Keeping. The spacecraft would then pull away and maneuver either to start the 
rendezvous with the next moon or to optimize its trajectory for the return to Earth. 

Almost 8,770 miles (14,114 km) below Deimos lies Phobos. It travels in a much faster 
orbit just 3,700 miles (6,000 km) above surface of Mars. Its average orbital speed is about 
4,783 mph or 1.3513 km/s. It takes roughly 7 hours 39 minutes to orbit the planet, which 
is shorter than a sol. As a result, it rises in the west and transits the sky in only a few hours 
before setting in the east. After one burn had lowered the spacecraft from the orbit of 
Deimos, there would be burns to co-align the plane with that of Phobos and circularize to 
rendezvous and station keep with it. This moon is also irregularly shaped with dimensions 
16.7 miles (27 km) by 13.7 miles (22 km) by 11.2 miles (18 km) with an escape velocity 
of 25.5 mph or 11.39 m/s. An astronaut equipped with a jetpack could jump to a height of 
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350 ft (106 m) and it would take almost 12 minutes for the total flight up and back down; 
not quite as bad as on Deimos but still a dangerous maneuver. 

Again the idea would be to rendezvous with Phobos and station keep; not necessarily 
to land but to safely stand-off or tether to the moon. Mission planners need to determine 
how sampling equipment could operate from either a SEV/PEV or optionally from the 
whole “stack.” Studies would be necessary to determine safe stand-off distances. While 
the gravity of Phobos is about 1,000th that of Earth, landing the “stack” would be difficult 
without the provision of physical protection. Huge solar arrays and engines will be 
exposed. Perhaps there could be equipment deployed from the Habitat to tether/attach to 
the surface, with a provision to disengage. Many options require to be studied before this 
phase of the mission can be decided. 


Fig. 6.7 An artist’s rendering of the entire “stack” flying to Phobos. (Photo courtesy of 
NASA/AMA) 


Yet another concept would be for the “stack” to find the appropriate Lagrangian point 
and just “liberate” there. Then a single crewman with an advanced Manned Maneuvering 
Unit (MMU) system would fly to the moon to collect samples and possibly deploy experi- 
ments. It is thought that the selected Lagrangian point would be relatively close to the 
moon; only about 2 miles (4.3 km) from Phobos. See Appendix 6. It is conceivable that the 
MMU system would have a tether to the “stack” for the safety of its user. 

Once the exploration of Phobos (assuming it is the final moon) is completed, the crew 
must prepare to return home. Since the spacecraft is now traveling with Phobos, it is orbit- 
ing Mars every 7 hours 39 minutes. When ready to return to Earth, the spacecraft must 
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maneuver into a safe position to resume the highly elliptical parking orbit as a preliminary 
to heading home or, depending on a detailed trajectory analysis, make the burns(s) for a 
direct return to Earth. The total time spent in orbit around Mars must not exceed that iden- 
tified by trajectory analysis for a reasonable flight home on the opposition class trajectory, 
which will be approximately 30-90 days. 

There will always be trade-offs between crew issues (both in terms of safety and opera- 
tions) and trajectory considerations (i.e. propellant and time). The complete trajectory 
planning for the entire mission will determine the total delta velocity required to perform 
all the propulsive burns (coming and going) and the propellant necessary for station keep- 
ing; all of which will determine the amount of propellant required, including safety mar- 
gins, and hence the mass of propellant at liftoff. 

It could work out that there will be days available for exploration of both moons and 
still get the shortest ride home. But this might still be many months; possibly over a year, 
depending on the relative positions of the planets. Ideally, the mission and trajectory plan- 
ners could optimize the mission for no longer than a little over two years. The short stay, 
opposition class trajectory would limit the total duration and minimize the crew’s expo- 
sure to weightlessness and the risks of radiation in deep space. But it naturally limits the 
time in the Mars environment. These times vary depending on the time of launch and the 
relative positions of Earth and Mars; it is all about orbital mechanics, phase angles, incli- 
nation angles, propulsion capabilities, and such like — but these issues are well understood. 
The robotic missions of past decades have provided the raw data to compile a knowledge 
base on how to reach Mars and operate around it. But so far, the missions have all been 
one way. A round trip mission introduces more constraints and requires analysis that 
involves humans, as well as apparatus and the science that can be achieved. 

What is well known concerning the necessary opposition or short stay class of trajec- 
tory is the following: 


e Rather than waiting for the optimum return alignment between Earth and Mars, the 
time spent at Mars must be relatively short (as compared to a conjunction class 
trajectory) and the propulsion burn to head home must be initiated typically within 
about 30-90 days. 

e They often (but not always) require a gravity assist flyby of Venus to constrain the 
Earth reentry speed. The non-Venus trajectory should be examined to determine 
whether it will be safer from a radiation point of view. Perhaps there is another way 
to lower the reentry speed (and therefore the heating) to a safe level which does not 
involve a flyby of Venus. 

e The flyby of Venus can occur on either the inbound or outbound leg, but is more 
likely to be performed on the leg back to Earth because it would require less 
propellant. 

e Either way, one leg of the interplanetary trajectory is always shorter than the other. 

e Relatively short total round-trip mission times of about 500—650 days (i.e. 1.4—1.8 
years). 

e Radiation during the Venus flyby (if selected) must be considered and mitigated. 

e Propulsion requirements vary greatly depending on the launch time owing to the 
relative positions of the two planets. 
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A detailed study of the minimal precursor mission considering the minimum duration 
time in the most optimum year with a detailed science plan for both moons needs to be 
developed into a Reference Mission. There have been enough general studies to enable us 
to focus on the soonest possible “minimal” mission, taking into account the operational 
aspects as well as the scientific goals and objectives. Such a mission would be a great test 
of man and machine prior to risking the landing on the Martian surface. 


6.5 NEEDED SYSTEMS AND TECHNOLOGIES 


A Mars Orbital Mission to the two moons of the type described in the concept scenarios 
above requires the Space Launch System capable of putting 143 tons (130 metric tons) 
into low orbit and possibly another (or different launch vehicle) to preposition some of the 
following assets: 


A crew-rated Exploration Upper Stage to complete the ascent to orbit and to serve 
as deep space propulsion; currently designed with a diameter of 27.6 ft (8.4 m) and 
60 ft (18.2 m) long. 

Orion spacecraft outfitted for a crew of 4—6 in accordance with more detailed mis- 
sion planning and analysis that considers the flight duration, consumables for the 
flight and operational factors for possible EVAs and sample return. The Orion has 
a diameter of 16.5 ft (5.03 m), a height of 11 ft (3.4 m), and a mass of 23,899 Ib 
(10,387 kg). 

The European Service Module (ESM) is currently designed to have a diameter of 
16.5 ft (5.03 m), a length of 15 ft 8 in (4.78 m) and an empty mass of 8,000 Ib 
(3,700 kg). It has a fuel capacity of 18,000 Ib (8,300 kg). 

A Deep Space Habitat (DSH) for the crew to live and work in for around two years. 
The current concept is a cylinder 59 ft (18 m) in length and 16 ft (4.9 m) in diam- 
eter, with an empty weight of about 100,400 Ib (45,577 kg). 

An ISS/Destiny derived Laboratory Module (only bigger) which is linked by a 
tunnel to a Multi-Purpose Logistics Module (MPLM) and an International 
Docking System Standard (IDSS) to provide the necessary crew needs, including 
the desired crew health equipment and supplies for a mission of two plus years. 
Although not completely designed, it will be the same diameter as the Hab but 
much shorter at about 21 ft (6.4 m) in length. Its weight fully loaded with supplies 
is not yet known. 

In accordance with a more thorough study (and funding), at least one Space 
Exploration Vehicles (SEV) and associated Chemical Propulsion System (CPS) 
that can detach from the DSH and support a crew of two for at least a week to fly to 
the moons (in turn) while conducting experiments, and then return to the DSH. It 
may also provide a capability for crew EVA in order to obtain samples and deploy 
experiments. 

A system to attach and detach the SEV to the moons. 

Hardware to stow and deploy experiments. 

EVA suits for deployment of experiments and obtaining samples. They might be 
part of the SEV. 
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6.6 HARDWARD NOT NEEDED 


Almost all of the vehicles, systems and equipment that is being developed for the current 
Space Exploration Program is appropriate for a Mars Orbital Mission to Deimos and 
Phobos. Many of the systems being conceive of, or developed for a crewed Mars landing 
and stay on the surface, are not required. These include: 


e Aeroshells for Mars descent. 

e Space Launch System flights for cargo to Mars surface. 
e A Mars cargo lander. 

e A Mars descent spacecraft (crew lander). 

e A Mars ascent spacecraft. 

e A Mars habitat. 

e A Mars surface rover. 

e Crew supplies for a long stay on the surface. 

e Propulsion systems and fuel for all of the above. 


The time to develop these systems could be decades and costs hundreds of billions of 
dollars. 


6.7 PROPOSAL TO THE MARS COMMUNITY 


It will take considerable effort to get NASA to give more priority to a crewed precursor 
mission to Mars’s moons before a commitment to a very expensive and dangerous land- 
ing/stay mission. The primary and secondary objectives to explore the moons and Mars’s 
near-space environment have been drawn up by the scientific community. It is time for a 
well-defined Design Reference “Precursor” Orbital Mission to Mars’s Moons. If only 
from a crew safety viewpoint, it makes a lot of sense to investigate the moons and Mars 
environment prior to attempting the landing and having to risk the stay there for an inor- 
dinate amount of time before being able to return home. 

The Mars community is vast; tens of thousands of scientists, engineers, planners and 
support personnel. It has a great voice, both nationally and internationally. Congress will 
be the primary source of funding. Its membership responds to pressure and in some cases 
to logic; especially if it relates to money. As of this writing, the national debt is $20 trillion 
and is growing by about $2.4 billion/day! The time may come when planetary science 
objectives and the funds to attain them will first slow to a trickle and then dry up — such is 
the result of gross fiscal incompetence. For sure there will always be competition for fund- 
ing with the social and economic crises of the day. However, scientists often need cham- 
pions. In its early days, NASA had great champions who could make things happen. The 
organizations behind the modern space program derive from industry, government, aca- 
demia, and some private societies. They will need to sing in harmony to persuade NASA 
to add a precursor Mars Orbital Mission ahead of a landing/stay mission. This community 
is fully aware of how long it can take to design, develop, and operate even a single com- 
plex robotic mission. Some people have spent their entire careers working on a single such 
mission. It may take years to secure the decision to change the intended flight manifest, 
and a decade to get to the point of launching it, but this should be done. 
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Fortunately, the major elements for a Mars Orbital Mission are already started, but they 
will require continued funding. This is not so for some of the more grandiose landing/stay 
scenarios. The funding that is going to the lunar and asteroid missions will not be neces- 
sary for the Mars Orbital Mission. Worse, it draws funding away from such a mission. 
Very little additional major equipment is necessary. At least NASA should be made aware 
of what they could do using the resources that are available without seeking much in the 
way of additional funds. The amount of new money necessary for the landing/stay mission 
dwarfs that required for an orbital mission. 

This book sets out to summarize the concerns about the current planning, and champi- 
ons the cause for a precursor Mars Orbital Mission tasked with the scientific investigation 
of the planet’s moons. I believe this will be the best first step in deep space exploration. 


7 


Mission Operations 


7.1 OVERVIEW 


The Johnson Space Center is fully versed in flight operations, having originated NASA 
mission control operations for human space flight. The Mission Control Center (MCC) in 
Houston was opened in 1965 to replace the Mercury Control Center at Cape Canaveral in 
Florida. The MCC in Houston supported most of the Gemini missions, all of the Apollo, 
Skylab and Space Shuttle flights, and has monitored and controlled the International Space 
Station (ISS) flight operations since the first flight in 1998. That experience will guide how 
NASA will monitor and control a mission to Mars. Although the vehicles will be different, 
some of the operational functions and positions in the MCC will be similar. The support 
provided to various mission phases will also be similar. For example, the launch and reen- 
try phases will require flight controllers to monitor the SLS vehicles, potential abort condi- 
tions, and orbital injection parameters. And the reentry of the Orion will still require flight 
controllers to verify that the crew is prepared and the vehicle is in the required reentry 
configuration and attitude. What might be conceptually and emotionally different is the 
realization that the first flight to the Mars environment — be it only to the moons of the 
planet — will be of greater historical significance than the discovery by Columbus of the 
“new world.” The idea of humans leaving the comfort of Earth to explore a place which is 
truly “out of this world” demands a recalibration of the mind. It will have an even greater 
emotional impact than the moment in 1968 when the crew of Apollo 8 became the first to 
escape Earth’s gravity. Astonishingly 60-70 years (almost three generations) may elapse 
before the first crew set off for Mars. 

The first flight to the Mars environment will most certainly involve international 
partners and capture the thoughts and prayers of the entire population of our planet. 
It will eclipse the millions of people who stared at fuzzy black and white televisions on 
street corners in the 1960s. By then, advances in technology will allow people to watch 
very high definition images of the astronauts on a yet to be named device by some 
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manufacturer possibly not yet known. Similarly, the MCC in Houston might also have 
the latest in technology display devices and communications for its role in supporting 
vehicles in the Mars environment. Of course, the same will be true for control centers 
in partner nations. 

What will not change is the reality of the distances and the communications time delays 
due to the finite speed of light. Something else that will not change is the frailty of the 
human body coupled with the strength of the human spirit. It would be wonderful to be 
able to go to remote places by “beaming up,” as in science fiction, but we can’t. We have 
actually to travel there. In space the rules were set centuries ago by Johannes Kepler and 
Isaac Newton. And spacecraft systems obey physical and chemical laws. There will always 
be a role for Mission Control Center flight controllers and support staff with appropriate 
expertise. 

This chapter addresses the fundamentals of flight operations for a trip to Mars that 
involves spending approximately two years in deep space in order to investigate the moons; 
and even longer if the goal is to land on the planet and conduct surface operations. 


7.2 MCC EVOLUTION 


In 1992, construction work began on a five story extension to Building 30; the original 
Mission Control Center building at JSC that was opened in 1965. The new extension 
became operational in 1995 and included two Flight Control Rooms designated Blue and 
White. During the ISS era, changes needed to be made in the MCC. The previous control 
room, designated the Blue Flight Control Room, had been in operation even before the 
first ISS component was launched in 1998 for simulations, testing, and mission prepara- 
tions. The newly remodeled facility is just down the hall from the old room originally 
called the Mission Operations Control Room (MOCR). Now known as Flight Control 
Room 1 (FCR-1), this was first used to control a space flight 38 years after the first crewed 
Apollo flight was launched October 11, 1968. It was one of two original control rooms 
constructed for NASA’s manned missions. 

Of the historic flights that this room controlled during its initial period of use were 
those to America’s first space station, Skylab and Apollo/Soyuz in the 1970s, and the 
first Space Shuttle mission in April 1981. Fittingly, the last full flight controlled from 
the room was the first time a Space Shuttle visited a space station, the STS-71 mission 
to the Russian Mir station in June 1995. After that, Shuttle flight control relocated to 
a new room, and the last service in FCR-1 was control of the ascent to orbit only of 
Space Shuttle mission STS-76 in March 1996. Since then, the room was repurposed as 
a science center. 

The MCC supported the Space Shuttle right from its first flight in 1981 to its final flight 
in March 2011. A Proton launch vehicle put the first ISS module Zarya (Sunrise in Russian) 
into orbit in November 1998 and a month later STS-88 added the Unity module. By the 
completion of ISS assembly in 2011, the MCC had gone through extensive modifications, 
and on April 14, 2011 the building was renamed in honor of Christopher Columbus Kraft, 
NASA’s first Flight Director. 
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As the ISS evolved, so too did the MCC. The flight operations team had to support both 
the Space Shuttle and the ISS. Flight operations planners abandoned the traditional tiered 
floor and instead installed all of the consoles on a single level. New computer display technol- 
ogy changed the overall look of the facility. The positions were reassessed to suit the opera- 
tion of the ISS, the international partners, and the engineering and science communities. 


Fig. 7.1 The White Flight Control Room used for Shuttle in 2005. Notice the shape of the 
consoles and the three large wall displays. (Photo courtesy of NASA/JSC) 


After nine months of remodeling that included changes to existing hardware, the ISS 
flight control team moved in on October 6, 2006. FCR-1 is staffed around the clock and 
will continue to be so throughout the life of the station, which is presently authorized to 
2024 and may well be extended. The relocation was coordinated by Lead Station Flight 
Director John McCullough. A team from across JSC were able to make the renovations 
and test the systems on a tight schedule without interrupting critical ISS operations. 

Another major upgrade began called MCC-21 to bring the control center into the 21st 
century. This included a transition from a mainframe architecture to a serve-and-client 
architecture to a virtualized architecture. The new FCR-1 had 22 consoles and more space 
for safety and comfort. Its existing consoles and individual monitors were updated. Where 
the old room presented two screens on the front wall, the new facility has five large screens 
to display information for the entire team and various high definition television cameras. 
Each console has multiple computer screens to display whatever each flight controller 
must be able to see in order to perform their duties and to remain up to date on the status 
of the mission. Monitors were added gradually over time and now one can see over 75 
computer screens in the control center. 
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Fig. 7.2 The ISS FCR-1 in 2014. Compare this photo to the Space Shuttle control room 
above. (Photo courtesy of NASA/JSC) 


7.3 MCC OPERATIONS 


The NASA JSC Flight Operations Directorate is responsible for the manning and opera- 
tions of the MCC facility in Building 30 that currently manages all activity onboard the 
ISS. The MCC consists of highly scalable Flight Controller Mission Support and Training 
Rooms, as well as a command and control infrastructure. 

Flight operations people plan how best to support the missions and training for their 
particular supporting roles. Their tasks include the duties of specific positions, Flight 
Rules, operational procedures, and interfacing with the engineers and scientists who sup- 
port the ISS. The nature of continuous ISS operations requires concurrent preparation and 
operational support. This will also be a requirement for a crewed mission to Mars. While 
the Mars mission may not have as large a spacecraft as the ISS, it will comprise a combi- 
nation of vehicles and elements that will require extensive monitoring during a flight last- 
ing approximately two years for an orbital mission and even longer for a landing/stay 
mission. There will be even more intense concern because, unlike the crew of the ISS who 
can make a relatively quick return to Earth in their Soyuz “lifeboats,” a Mars crew will 
have no immediate abort capability. 

During early ISS assembly operations there wasn’t a requirement to have a full comple- 
ment of flight controllers to monitor the systems and operations. A staffing scheme known 
as Gemini was employed, which reduced staffing for real-time ISS support by consolidat- 
ing six system disciplines into two positions. From these two “super-consoles,” named 
ATLAS and TITAN, two people could do the work of up to eight other flight controllers in 
periods of low activity. 
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The following were the positions: 


e TITAN (Telemetry, Information Transfer and Attitude Navigation). This person was 
responsible for Communication and Tracking (CATO), Onboard Data Interface and 
Network (ODIN), and Attitude Determination and Control Officer (ADCO). Titan 
was the type of rocket that launched the Gemini spacecraft. 

e ATLAS (Atmosphere, Thermal, Lighting and Articulation Specialist). This person 
was responsible for Thermal Operations and Resources Control (THOR), 
Environmental Control and Life Support Systems (ECLSS), Electrical Power, 
Heating, Articulation and Lighting and Control Systems (PHALCON). ATLAS 
was also responsible for monitoring Robotics (ROBO) and Mechanical Systems 
(OSO) heaters, because those consoles were not supported during the majority of 
Gemini shifts and passive thermal control fell to the THOR console. 

While Gemini officially reflected the fact that two controllers acted as “twins” dur- 
ing operations, the name was also an homage to Project Gemini. In 2010 the Gemini 
concept was removed and the six core disciplines were reduced to four. ETHOS 
(Environmental and Thermal Operating Systems) had the ECLSS system as well as 
the internal thermal control system formerly controlled by THOR. SPARTAN (Station 
Power, ARticulation, Thermal, and ANalysis) had the electrical power and external 
thermal control systems. CRONUS (Communications RF Onboard Networks 
Utilization Specialist) combined the previous ODIN and CATO positions. ADCO con- 
tinued as previously. Atlas was the type of rocket that launched the orbital missions of 
Project Mercury and also the Agena target vehicles for the Gemini rendezvous flights. 


FCR-1 manning varies slightly for different ISS missions. The responsibilities are dis- 
tributed as workload exceeds the capabilities of individual consoles, and then automation 
and reductions in workload allow combining systems again. It is a fair assumption that the 
positions for a Mars Orbital Mission would be broadly similar, but specialized for the 
particular kind of flight and the modules involved. Depending on the mission phases, simi- 
lar adjustments in responsibilities will be made. 

As there will be several assembly flights, each by the SLS or other launch vehicle 
(depending on the module being launched), there will be a need for appropriate 
booster, flight dynamics and systems personnel. The degree of support will increase as 
the “stack” is assembled in low orbit, comprising at least the Orion and its Service 
Module, the Habitat Module, Logistics Module, and possibly a separate Laboratory 
Module, a Tunnel/Airlock, the Space Excursion Vehicle(s), and the Exploration Upper 
Stage. Following the Trans Mars Injection burn, flight controllers will be required to 
monitor each of the many vehicle elements in addition to the crew. It is assumed that 
the flight plan would also include considerable experiments to be conducted over the 
two plus years. These will be restricted by the launch mass and volume constraints on 
the overall mission. On Shuttle missions, these functions were handled by the Payloads 
Officer on the Shuttle Flight Control Team. Currently, these monitoring and control 
functions are performed primarily by the Payload Operations and Integration Center 
(POIC) at the NASA Marshall Space Flight Center in Huntsville, Alabama, with the 
support, where necessary, of similar facilities run by the partner nations. See Sect. 7.5 
for a discussion of these functions during a Mars mission. 
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The following are the current ISS FCR-1 positions: 


FRONT ROW 

GC Ground Control 

RIO Remote Interface Officer 

ISO Inventory and Stowage Officer 

PAO Public Affairs Officer 

SECOND ROW 

TOPO Trajectory Operations and Planning Officer 

ADCO Attitude Determination and Control Officer 

SPARTAN Station Power ARticulation, Thermal and Analysis 

ETHOS Environmental and Thermal Operations Systems 

OPSPLANNER Crew work schedule and timelines 

PLUTO Plug-in Plan Logistics and Utilization Officer 

THIRD ROW 

ROBO Robotics Operations (not sure if the first Mars mission would have this 
capability in the modules but possibly in the SEV) 

CRONUS Communications RF Onboard Networks Utilization Specialist 

VVO Visiting Vehicle Officer 

FLIGHT Flight Director, responsible for the overall mission 

CAPCOM Capsule Communicator (Sometimes an astronaut who provides the 
communications from the MCC to the on-board crewmembers) 

OSO Operations Support Officer 


Fig. 7.3 The reconfigured and current FCR-1 as of November 2016. Note the difference in 
two years represents a multi-year renovation akin to the overhaul of the MCC in the 1990s. 
(Photo courtesy of NASA/JSC) 


128 Mission Operations 


FOURTH ROW 

ISE Integration and Systems Engineer 

FOD Flight Operations Director 

EVA Monitor pressure suits and orchestration of the activity 
BME BioMedical Engineer 

SURGEON Flight Surgeon 


The control center for the EFT-1 mission on December 4, 2014 was staffed in parallel 
with the ISS support. Because the mission was unmanned and of short duration there were 
fewer people. The flight control team operated from the Blue Flight Control Room that 
was previously used for early ISS assembly and operations. Since EFT-1 was the first 
Orion test, it used the United Launch Alliance Delta IV Heavy launch vehicle. It was pri- 
marily a test of the ability of the heat shield to withstand a high speed reentry and the 
parachutes and the recovery operations. 

This test had a unique management system. The Mission Management Team was chaired 
by Lockheed Martin, with Bryan Austin as the Mission Director. They were located at the 
Mission Director’s Center in Hanger AE at Cape Canaveral, while NASA Flight Director 
Mike Sarafin and the Flight Control Team were at the Houston MCC. The flight controllers 
were responsible for monitoring the flight performance of Orion, overseeing its real-time 
operations and sending commands to the spacecraft. The Flight Director provided the 
Mission Management Team at the Cape with a Go/No-Go decision for launch and then 
implemented the Flight Plan. Positions on the team included the following: 


e Flight Dynamics Officer (FDO). Responsible for the pre-launch heading alignment 
update and the orbit and entry trajectory predictions. 

e Electrical Power System Officer (EPS). Responsible for spacecraft electrical and 
mechanical systems. 

e Electrical, Environmental and Consumables Manager (EECOM). Responsible for 
spacecraft pressure control and active thermal control systems. 

e Command and Data Handling (C&DH). Responsible for the command and data 
handling system, including the flight control module, the onboard storage module, 
the Orion data network, and portions of the power and data units. 

e Propulsion Officer (PROP). Responsible for the propulsion system hardware and 
software. 

e Guidance Navigation and Control Officer (GNC). Responsible for operations for 
the navigation hardware, including inertial measurement units, barometric altime- 
ters, and GPS receiver and antennas. 

e Guidance Officer (GUIDANCE). Responsible for the onboard navigation perfor- 
mance, launch vehicle and onboard navigation state vector quality assessments, 
guidance performance monitoring and associated flight test objectives evaluations, 
ground navigation processing and best state vector source determination, and the 
Mission Control Center contingency state vector update command. 

e Instrumentation and Communications Officer (INCO). Responsible for communi- 
cations systems, development flight instrumentation systems, video systems and 
recovery beacon. INCO sent all nominal and contingency commands to Orion. 

e Ground Control Officer (GC). Responsible for ground data systems and data flows 
that interface with the MCC. 
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e Weather Officer (WEATHER). Located in a supporting room to the MCC and 
responsible for providing landing and contingency weather forecasts as well as sea 
state information. 

e Landing Support Officer (LSO). Responsible for relaying mission status and mile- 
stones to external interfaces such as the State Department, the Department of 
Defense, the recovery team, NASA Headquarters, and others as appropriate. 


Fig. 7.4 The EFT-1 control room in December 2014. Notice the difference from the others. 
(Photo courtesy of NASA/JSC) 


7.4 THE MCC DURING A MARS ORBITAL MISSION 


By the time of the Mars Orbital Mission in the late 2020s or early 2030s, the MCC might 
have been upgraded again with the latest display and data technologies but the operational 
functions will probably be the same. The positions will be dictated by the number and 
types of vehicles and modules, and by the activities of the crew. The operational hierarchy 
will be the same: a Flight Director leading a team of multi-disciplined engineers and medi- 
cal personnel supporting a crew of four astronauts who conduct systems monitoring of 
various spacecraft, conduct science experiments, and execute maneuvers and EVAs over a 
period of approximately two years. The difference will be the long duration for a single 
crew; double what any crew has experienced on Mir or the ISS. The dangers will be 
increased by the radiation in deep space and the absence of resupply and abort capabilities. 
This will make the monitoring that much more intense. Just as the ISS serves as a research 
station, the Mars crew will conduct science experiments throughout the duration of the 
mission; in transit to Mars, while exploring the planet’s moons, and coming home. It is 
possible that by the time of the first Mars mission the ISS will no longer be in orbit. 
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It is reasonable that the MCC positions will resemble those described above, but special- 
ized for the specific vehicles. For example, the Orion will have to be powered down to some 
level, to enable its systems to be saved for reentry upon returning to Earth. It will have to be 
monitored for both its active and passive roles. When the crew moves into the Habitat Module 
and draws upon the resources of the Logistics Module, those systems will need more active 
flight control monitoring. During the coast to Mars, other systems such as the Spacecraft 
Exploration Vehicle and the Tunnel/Airlock will also require monitoring. The MCC support 
will vary with the phase of the mission, being most active during launch, during propulsion 
burns in deep space, during EVAs and while in orbit around Mars, but less so during the long 
drifting periods. During critical mission events (and particularly if a problems arises) the 
MCC staff and support staff in many locations will come up to full capacity. 

Just a look at the ISS Daily Summary Reports will show how busy the crew will likely 
be on the Mars missions; albeit there will likely be fewer astronauts. Just the descriptions 
of what each crewmember must do to maintain their health and well-being (such as eating, 
sleeping, hygiene, and exercising) is a significant list of daily tasks. Add to this the routine 
systems monitoring and maintenance. Getting updates from the MCC will be rather differ- 
ent from the routine MCC/ISS updates owing to the communications time delays, which 
can be significant. Then there will be science activities that fill the rest of their waking 
time. When propulsion burns are required, the crew will have another set of activities to 
undertake. The MCC will play a role in the updates to the crew but here again the time 
delays will make this operation more difficult than on the ISS. When the crew is ready to 
undertake the most critical activities, such as rendezvousing with the moons and preparing 
to go EVA to collect samples, they must act in a much more autonomous way. The MCC 
will have updated all the necessary information prior to those critical activities, but will 
not be of much help in real-time. For a flight controller at a console, that is a helpless feel- 
ing. The first time I experience it was during the communications blackout on John Glenn’s 
first orbital flight. We didn’t know if he had made it through reentry or not. I can envision 
this happening many times during the first mission to Mars. 

Supporting the flight controllers in the MCC will be a large number of support people 
who continuously monitor the mission, including systems, trajectories, space radiation, 
flight plans, science plans, crew health, and deep space communications. During some less 
active phases, the staffing may be reduced, leveraging the experience of the last 20 years 
to do more with a smaller team. These people may be located in the MCC building or 
elsewhere; even in other countries. Their support over approximately two years will vary 
with the phase of the mission or particular event according to the flight plan. They will be 
directed by the lead flight controller for each particular system, but will continue to 
respond to their organizational managers. They will make their inputs to the appropriate 
flight controller. Over the years, a communications protocol has been developed for these 
interactions between different organizations and the flight controllers in the MCC. 


7.5 SCIENCE OPERATIONS 


The long interplanetary flight to Mars will undoubtable be filled with a lot of science 
operations. Although the crew will have a heavy schedule of maintaining the systems of 
their vehicles, they will also undertake specific programs of experiments. In the case of the 
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ISS the experiments are coordinated by the Payload Operations Integration Center (POIC) 
at the NASA Marshall Space Flight Center. Perhaps by the time of the Mars mission this 
facility will be called something else but the functions will most likely be much the same. 

The POIC began round the clock operations in 2001. Since the ISS assembly was com- 
pleted in late 2011, a record amount of science has been achieved. Each year, hundreds of 
experiments are performed as scientists use the orbital outpost to study the impact of 
microgravity and other space influences on various aspects of our daily lives. However, 
this is supported by periodic resupply spacecraft which will not be available for a Mars 
mission. Astronauts carry out research and technology demonstrations on a variety of top- 
ics, including human life sciences, biological science, human physiology, physical and 
materials science, and Earth and space science. 

The POIC is the heartbeat for ISS research. As NASA’s primary International Space 
Station science command post, the payload operations team coordinates U.S., and joint 
research projects with European, Japanese, and Canadian scientific and commercial exper- 
iments on the station, synchronizes payload activities of international partners, and directs 
communications between station crew and the researchers around the world whose experi- 
ments are being executed. 

It may be that the initial missions to Mars orbit and the exploration of the moons will 
have limited science operations that need an all-up POIC. The POIC of the Mars era may 
not work in an ISS manner, depending upon the science to be conducted over the duration 
of the mission and the extent of international involvement. It is also possible that science 
coordination and support will revert to the MCC with a science position/team represented 
on the Flight Control Team. The facility has been upgraded over the years to reflect the 
extent of science operations on the ISS. The communications difficulties for a Mars mis- 
sion will complicate things but the operational plans will adjust for the time delays. 


Fig. 7.5 The Payload Operations Integration Center (POIC) at the Marshall Space Flight 
Center. (Photo courtesy of NASA/MSFC) 
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7.6 INTERNATIONAL OPERATIONS 


If the current ISS science operation serves as a model for how the POIC and the MCC 
should work together on the Mars Orbital Mission, they will be able to achieve a lot of 
useful science. Perhaps the number of international centers will even be different. Today, 
the POIC operates 24/7 and coordinates with ground facilities in Canada, Russia, Japan, 
Germany, France, Italy, Belgium, Norway, Denmark, Switzerland, and the Netherlands in 
order to ensure that research onboard the ISS runs smoothly. Will that many nations be 
involved with the science operations of the Mars Orbital Mission? 

Public interest in the first mission to Mars will vary during the mission. It will certainly 
be high for the launch phase, then it will taper off during the long interplanetary cruise, 
rise again when the spacecraft enters orbit around Mars and remain high throughout the 
orbital activities until the return journey is safely underway, then interest will taper off 
again until it is time for the reentry and recovery activities. 

The greater the international participation in the flight, the broader will be public inter- 
est. If the ISS program is an example, then the Mars Orbital Mission will definitely have 
international participation, both in terms of contributing hardware and software and the 
science to be carried out. The ISS has been the most politically complex space exploration 
program ever undertaken. It pulls together international flight crews, different launch 
vehicles, launch facilities across the globe, communications networks, operations, train- 
ing, engineering, and development facilities. And an international partnership of space 
agencies operates the various elements of the ISS on behalf of the international scientific 
research community. 

The difference between the ISS and the first mission to Mars will be the degree of sci- 
ence and elements and systems provided by international partners. The ISS is a research 
laboratory but the Mars mission will be primarily an exercise in deep space exploration. 
It will involve a significant amount of science that investigates the space environment, 
Mars and its moons, but the role of the international partners will more limited just by the 
nature of an exploration mission versus a scientific research mission. It is highly likely that 
(as with the ISS) teams of controllers and scientists will continually plan, monitor, and 
remotely operate experiments from control centers around the globe. A successful mission 
to Mars will be as much a human achievement as it will be a technological feat. The fruits 
of the mission will be shared by many international partners. Certainly, the world at large 
will be glued to their state-of-the-art media devices. 


Part III 
The Major Players 
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Summary of NASA Headquarters and Center 
Contributions 


The following brief summaries of the work NASA is performing is provided with empha- 
sis on those activities that support deep space exploration in general and a trip to Mars in 
particular. In some cases, a reference to more detail in other chapters is provided as all the 
Centers have some degree of support; some more than others. Website references are also 
provided for the reader to gain even more detail and insight to NASA’s work. 


8.1 NASA HEADQUARTERS 


Headquarters provides overall guidance and direction to the Agency, including the ten 
Field Centers and a variety of installations around the country. It has five principal organi- 
zations, called Mission Directorates: 


The Aeronautics Research Mission Directorate (ARMD) has directly benefited 
today’s air transportation system, aviation industry, and the passengers and busi- 
nesses who rely on aviation every day. Their technologies have increased the capac- 
ity and improved the efficiency, safety, and environmental compatibility of the air 
transportation system. NASA continues to explore research and develop tools and 
technologies that can be integrated into even more advanced and efficient aircraft 
and airspace systems, including enabling game-changing concepts for the future. 

The Human Exploration and Operations (HEO) provides leadership and manage- 
ment of NASA space operations related to human exploration in and beyond low 
Earth orbit. It also oversees low level requirements development, policy, and pro- 
grammatic oversight. The International Space Station with a crew of six, represents 
the Agency’s exploration activities in low Earth orbit. Activities beyond low Earth 
orbit include the management of Commercial Space Transportation, Exploration 
Systems Development, Human Space Flight Capabilities, Advanced Exploration 
Systems, and Space Life Sciences Research and Applications. The Directorate is 
similarly responsible for leadership and management of NASA space operations 
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related to Launch Services, Space Transportation, and Space Communications in 

support of both human and robotic exploration programs. 

The Science Mission Directorate (SMD) is divided into four broad scientific areas, 

as follows: 

— Earth Science: Study Earth from space in order to advance scientific understand- 
ing and meet societal needs 

— Planetary Science: Advance scientific knowledge of the origin and history of the 
solar system, the potential for life elsewhere, and the hazards and resources 
which will arise as humans explore space 

— Heliophysics: Understand the Sun and its effects on Earth and other solar system 
bodies 

— Astrophysics: Discover the origin, structure, evolution, and destiny of the uni- 
verse and search for Earth-like planets around other stars. 


There are also two support activities: 


— Resources Management: Formulate, advocate, and implement the SMD budget 
for the Directorate 

— Strategic Integration and Management: Provide policy support and conduct 
business operations for the Directorate. 


The Space Technology Mission Directorate (STMD) is responsible for developing 
the cross-cutting, pioneering, new technologies and capabilities that will enable 
NASA to carry out its current and future missions. It rapidly develops, demon- 
strates, and infuses revolutionary, high payoff technologies through transparent, 
collaborative partnerships that expand the boundaries of the aerospace enterprise. 
STMD employs a merit-based competition model with a portfolio approach, span- 
ning a range of discipline areas and technology readiness. By investing in bold, 
broadly applicable disruptive technologies which industry cannot tackle today, 
STMD seeks to mature the technologies needed by NASA for its future missions in 
science and exploration. As a side benefit, it proves the capabilities and reduces the 
cost of such technologies for other government projects in the space realm and 
commercial space activities. Research and technology development takes place 
within NASA Centers, in academia and industry, and leverage partnerships with 
other government agencies and international partners. By engaging and inspiring 
thousands of technologists and innovators, STMD creates a community of our best 
and brightest working on the toughest challenges. By pushing the boundaries of 
technology and innovation, STMD allows NASA and the USA to remain at the cut- 
ting edge. After all, new technologies drive exploration. The Technology, Innovation 
and Engineering Committee is a standing committee of the NASA Advisory 
Council (NAC) supporting the advisory needs of the NASA Administrator, the 
Office of the Chief Technologist, and the various NASA Mission Directorates. The 
scope of the Committee includes all NASA programs that could benefit from tech- 
nology research and innovation. 
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Mission Support Resources and Services provides resources and services to facili- 
tate the Agency’s near and long-term goals and hence to empower employees and 
contractors to support its missions. It oversees critical mission support operations, 
including: 

— Human Capital Management 

— Procurement 

— Strategic Infrastructure 

— NASA Shared Service Center 

— Protective Services 

— Headquarters Operations. 


It also oversees and provides the following Agency-wide services: 


— Partnerships 

— The Audit Liaison, Resolution and Follow-up Program provides policies, proce- 
dures and practices for NASA management (as well as the auditors) to resolve, 
implement, and bring to closure, agreed-upon corrective action in response to 
final audit reports produced by the Government Accountability Office (GAO) 
and NASA’s Office of Inspector General (OIG) 

— The NASA Online Directives Information System (NODIS) maintains a reposi- 
tory of the Agency’s Directives, Policies, and Implementing instructions regard- 
ing all of the Mission Directorates and Agency-level offices. 


8.2 AMES RESEARCH CENTER 


The Ames Research Center (ARC) was created in 1938 as one of the original National 
Advisory Committee for Aeronautics (NACA) research centers and was transferred to 
NASA in 1958. It is located at Moffett Field, some 40 miles south of San Francisco. Its 
core competences include the following: 


Atmospheric entry systems to safely deliver spacecraft to Earth and other solar 
system bodies. 

Supercomputing to perform NASA’s advanced modeling and simulation activities 
(see Sect. 4.9). 

NextGen air transportation to transform the way we fly. 

Airborne science to examine our own world and beyond from the sky. 

Low cost missions to undertake high value science in low Earth orbit and the Moon. 
Biology and astrobiology to understand life on Earth and in space. 

Exoplanetary research to find worlds beyond our own solar system. 

Autonomy and robotics to complement humans in space. 

Science for rediscovering our Moon. 

Human factors to advance human-technology interaction for NASA missions. 
Wind tunnels for testing on the ground prior to taking to the sky. 
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The Exploration Technology, Engineering, and Science Directorates at Ames all col- 
laborate with the Ames ISS Program Office and the Office of the Chief Technologist on 
systems for the ISS and the Orion spacecraft. The High End Computing Center provides 
computer modeling to verify and validate designs intended to improve spacecraft safety 
during future missions. Ames explores solutions to health risks of space travel such as 
radiation and microgravity and explores their effects on astronauts. 

Ames is performing computational fluid dynamics (CFD) simulations for the SLS to 
analyze the structure, booster separation, and the forces on the engine hinges, and it is 
providing critical information of down-selection from several vehicle shapes. The early 
design of the SLS has been aimed at maintaining stability and control of the vehicle dur- 
ing ascent, and structural integrity throughout the mission. CFD simulations were per- 
formed at selected points over the ascent path with various condition. This informed 
critical design decisions for the SLS early in the design cycle, when wind tunnel data was 
not yet available. Ongoing modeling and simulation support includes characterizing the 
aerodynamic performance of the launch vehicle during the ascent, determining the dis- 
tributed aerodynamic forces along the vehicle to permit structural analysis, and yielding 
surface pressure signatures to assist in the design of vents for parts of the vehicle. NASA’s 
Advanced Supercomputing facilities provides fast and efficient turnaround times for 
CFD simulations. 

Ames conducts the Human Research Program (HRP) to research and develop technolo- 
gies to allow humans to venture safely and productively into deep space. This program 
investigates and mitigates the highest risks to human health and performance and provides 
countermeasures and technologies for human space exploration. 

Ames supports the HRP in the following discipline areas: 


e Exploration Medical Capabilities. 

e The Health and Human Countermeasures. 
e The ISS Medical Project. 

e Space Human Factors and Habitability. 

e Space Radiation Program Element. 


Go to http://www.nasa.gov/centers/ames/home/index.html for further information. 


8.3 ARMSTRONG FLIGHT RESEARCH CENTER 


The Armstrong Flight Research Center (AFRC) next to Edwards Air Force Base in 
California is NASA’s primary center for atmospheric flight research and operations. It is 
chartered to research and test advanced aeronautics, space and related technologies that 
are critical to carrying out the Agency’s missions of space exploration, space operations, 
scientific discovery, and aeronautical research and development. 

Armstrong is uniquely situated to take advantage of the excellent year-round flying 
weather, remoteness and visibility to flight test some of the nation’s most unique aircraft 
and aeronautical systems, as well as to conduct flight operations for a wide variety of air- 
borne science missions. 
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In support of space exploration, the Center is managing the testing and integration of 
launch abort systems in partnership with the Johnson Space Center and Lockheed Martin 
for the Orion Multi-Purpose Crew Vehicle. Armstrong supported the Space Shuttle for 
over 35 years, initially by hosting the Approach and Landing Tests and then as an alter- 
nate landing site for the Shuttle. It now provides space-to-ground communications sup- 
port for the ISS. 

The Center also supports astrophysics work, managing flight operations of the 
Stratospheric Observatory for Infrared Astronomy (SOFIA), and operates a small fleet of 
highly specialized manned and unmanned aircraft for the Airborne Science Program. It 
supports the Fundamental Aeronautics and Aviation Safety Programs of the Agency, a 
range of technology development efforts and flights involving a variety of suborbital vehi- 
cles, balloons and aircraft to assist the developers of various technology payloads that 
could aid future space exploration activities. 

Go to http://www.nasa.gov/centers/armstrong/home/index.html for further information. 


8.4 GLENN RESEARCH CENTER 


The Agency’s John H. Glenn Research Center (GRC) in Cleveland, Ohio, researches, 
designs, develops and tests innovative technology for aeronautics and space flight. They 
design game-changing technologies for use in space that advance our exploration of the 
universe. They also create cutting-edge aeronautical technology that revolutionizes air 
travel. 

One of ten NASA Centers, GRC is an essential part of the Agency and a key contributor 
to the region. It was founded in 1941 by NACA as the Aircraft Engine Research Laboratory, 
then the Lewis Research Center. In 1958 it was transferred to NASA. After several name 
changes, in 1999 it received its current name in honor of former senator John H. Glenn, an 
Ohioan who was the first American to orbit Earth when he piloted “Friendship 7” around 
the globe three times in 1962. 

Located near Cleveland Hopkins International Airport, GRC’s main campus, Lewis 
Field, is situated on 350 acres of land and contains more than 150 buildings. The world 
class facilities at Lewis Field include wind tunnels, drop towers, vacuum chambers, and 
an aircraft hangar. GRC’s Plum Brook Station is located 50 miles west of Cleveland in 
Sandusky, Ohio, on 6,400 acres of land. The station has large, unique facilities which can 
simulate the environment of space. Both locations enable NASA, other governmental 
agencies, and academic and industry partners from across the nation to perform special- 
ized research and testing. 

More than 3,200 personnel work at Glenn, including civil servants and on-site contrac- 
tors. A highly skilled workforce of scientists, engineers, technicians and administrative 
and support staff comprise a robust and diverse team. The current Center director is former 
Shuttle astronaut Janet L. Kavandi. 

Glenn supports all of the Agency’s missions and major programs, and excels in 
researching and developing innovative technologies spanning aeronautics and space flight. 
A multitude of NASA missions have benefited from GRC work, from the Mercury and 
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Gemini through to the Space Shuttle and the ISS. The European Service Module is now 
being tested at the Plum Brook Station (see Sect. 3.3). 
Glenn’s core competences include the following: 


Air-Breathing Propulsion 

— Advanced air-breathing propulsion for aerospace vehicles 

— Reduced energy consumption, noise, emissions and cost in air travel, increased 
use of alternative energy sources, and improved safety and expediency in air 
travel 

— Advanced engine cycles, propulsion systems, component improvements, con- 
trols and dynamics, harsh environment sensors, electronics, instrumentation, 
health monitoring and management, materials and structures, power extraction 
and management, icing, fuels and propellants, acoustics, fluid mechanics, heat 
transfer, aerothermodynamics and plasmas. 

Communications Technology and Development 

— Advanced communications technologies 

— Improved air traffic management, communications and navigation among satel- 
lites, aircraft, spacecraft, astronauts, robots, and ground systems 

— Advanced antennas, integrated radio-frequency and optical terminals, software- 
defined radios, high power amplifiers, and networking for communications 
using high data rates. 

In-Space Propulsion and Cryogenic Fluids Management 

— Advanced spacecraft propulsion systems and cryogenic fluid flight systems 

— New mission capabilities, increased reliability, safety and affordability, and 
reduced trip times 

— Advanced chemical propulsion and various electric and nuclear propulsion 
options for use in space 

— Cryogenic fluids (oxygen, methane, hydrogen) handling, characterization, stor- 
age, delivery, demonstration and flight packages. 

Power, Energy Storage and Conversion 

— Advanced technologies for power generation, energy conversion and storage, 
and power management and distribution 

— Solar power generation and advanced batteries, regenerative fuel cells, fly- 
wheels, thermal energy conversion and heat rejection, radioisotopes, nuclear fis- 
sion, and electronics for power management and distribution. 

Materials and Structures for Extreme Environments 

— Advanced materials, structures and mechanisms for aerospace systems which 
are subjected to extreme environments 

— Improved aircraft engines, space propulsion systems, long duration travel in 
space, planetary reentry, planetary surface operations. 

Physical Sciences and Biomedical Technologies in Space 

— Advanced physical and biomedical systems to facilitate sustainable exploration 
of space 
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— Enhanced safety, extended mission duration, and reduction in the potentially 
harmful effects of space 

— Life support, fire safety, crew health monitoring and support, thermal manage- 
ment, and space resource utilization. 


Go to http://nasa.gov/centers/glenn/home/index.html for further information. 


8.5 GODDARD SPACE FLIGHT CENTER 


The Goddard Space Flight Center (GSFC) in Greenbelt, Maryland, was named for the 
American rocket pioneer Dr. Robert H. Goddard. It was created May 1, 1959, as NASA’s 
first space flight research facility and is now home to the nation’s largest organization of 
scientists, engineers and technologists for building spacecraft, instruments, and new tech- 
nologies to study Earth, the Sun, our solar system, and the universe. Goddard and its sev- 
eral associated installations are critical in carrying out the Agency’s missions of space 
exploration and scientific discovery. 

GSFC hosts the Hubble Space Telescope operations and the forthcoming James Webb 
Space Telescope. More than 50 Goddard spacecraft explore Earth and the solar system, 
including Mars orbital and surface spacecraft. In addition, Goddard manages communica- 
tions between Mission Control and the International Space Station, and will do likewise 
for missions in deep space. Its engineers construct sensitive instruments, build telescopes 
to peer into the cosmos, and operate the test chambers that ensure the survival of those 
satellites in the harsh space environment. Its scientists stare into the Sun, grind up meteor- 
ites to seek evidence of life’s building blocks, look into the farthest reaches of space, and 
untangle the mysteries of our own ever changing planet. 

Goddard is the home to the following facilities: 


e Goddard Institute for Space Studies (GISS) occupies five of seven floors in 
Columbia University’s Armstrong Hall in Manhattan. It conducts research in Earth 
and planetary atmospheres using data obtained from telescopes and space missions. 
It is a component laboratory of Goddard’s Earth Sciences Division. 

e Wallops Flight Facility on Virginia’s Eastern Shore was established in 1945 by 
NACA for aeronautical research. It is now NASA’s principal facility for the man- 
agement and implementation of suborbital research programs. 

e Independent Verification and Validation (IV&V) Facility in Fairmont, West 
Virginia, was established in 1993 to ensure that the specialized computer programs 
developed for missions operate perfectly. It is managed by the Office of Safety and 
Mission Assurance. All aspects of software are examined, including design qualifi- 
cations and documentation to ensure that every stage of program development pro- 
ceeds without problems. 

e White Sands Complex outside Las Cruces, New Mexico, was originally chartered 
as the White Sands Test Facility in the 1960s to test rocket engines and other com- 
ponents for space flight. It also includes a large complex of satellite antenna dishes 
in support of the Tracking and Data Relay Satellite (TDRS) system. The Hubble 
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Space Telescope and the ISS rely on the facility for communications support, as 
indeed will deep space missions when in Earth orbit. NASA Johnson Space Center 
manages the facility but it is actually operated by Goddard (see Sect. 3.6). 


Go to http://www.nasa.gov/centers/goddard/home.index.html for further information. 


8.6 JOHNSON SPACE CENTER 


The Johnson Space Center (JSC) was created in 1961 as the Manned Spacecraft Center to 
host the U.S. human space flight effort, in particular the Mission Control Center. It was 
renamed in 1973 to honor former President Lyndon B. Johnson, a Texas native. The $1.5 bil- 
lion complex occupies 1,620 acres in the Clear Lake area, southeast of downtown Houston. 

Having managed flight operations for Gemini, Apollo, Skylab and the Space Shuttle, 
JSC is now the Agency’s lead for ISS operations and missions, home to the Orion Multi- 
Purpose Crew Vehicle, and many advanced human exploration projects (see Sect. 3.2). 
The strategic visions of NASA and JSC are implemented throughout the JSC Engineering, 
Science, Exploration, and Flight Operations organizations. 

JSC fulfills the vision of NASA’s “Journey to Mars” in all stages by: 


e Maximizing use of the International Space Station. 

e Enabling the success of the Agency’s Commercial Crew Program. 
e Developing Orion for future missions. 

e Building the foundation for human missions to Mars. 


NASA’s three stage plan for human and robotic missions in deep space and particularly 
Mars includes: 


e Stage 1: Earth reliant exploration is focused on research aboard the ISS that tests 
new technologies and improves human health and performance to enable deep 
space, long duration missions. 

e Stage 2: Proving grounds will let NASA learn how to conduct complex operations in 
a deep space environment that will permit a crew to return to Earth in a matter of days 
in the event of an emergency. By primarily operating in cislunar space, NASA will be 
able to advance and validate capabilities required for human exploration of Mars. 

e Stage 3: Earth independent endeavors will build upon what we learn on the ISS and 
in cislunar space to enable human missions near Mars (including the moons of 
Mars) and eventually to the surface of the planet. 


NASA’s Pioneering principles during each stage of the journey to Mars include: 


e Enabling science through exploration and enabling human exploration through 
science. 

e Advancing new technologies to meet future mission requirements. 

e Building on near-term robotic and human missions for more complex future mis- 
sions by designing an evolvable, resilient space infrastructure. 

e Developing commercial business and international partnerships. 


Go to http://www.nasa.gov/centers/johnson/home/index.html for further information. 
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8.7 KENNEDY SPACE CENTER 


The John F. Kennedy Space Center (KSC) located on the Atlantic coast of Florida is 
NASA’s Center of Excellence for launch and payload processing systems. Its management 
works very closely with the adjacent Cape Canaveral Air Force Station (CCAFS), sharing 
resources and even owning facilities on each other’s property. 

KSC has been NASA’s primary launch center for human space flight since December 
1968 (prior to that, the Agency used facilities on CCAFS). Launch operations for Apollo, 
Skylab and the Space Shuttle were carried out primarily from Launch Complex 39 of 
KSC. In addition, KSC manages the launch of robotic and commercial crew missions, and 
carries out research into food production and In Situ Resource Utilization for off-Earth 
exploration. Since 2010, it has been working through industry partnerships to establish a 
multi-user spaceport, even adding another launch pad (39C) in 2015. 

As part of the Ground Systems Development and Operations Program, all SLS launches 
will be from Launch Complex 39B and the Orion and other spacecraft supporting missions 
to Mars will be processed at several of the Center’s 1,700 facilities, including the follow- 
ing (which will be key to processing and launching Orion; see Sect. 3.7): 


e Neil Armstrong Operations and Checkout Building. 
e Multi-Payload Processing Facility. 

e Vertical Assembly Building. 

e Mobile Launcher. 

e Super Crawler-Transporter. 

e Launch Control Center. 

e Launch Abort Facility. 


All of the recovery operations for the Orion spacecraft will also be handled by KSC. Go 
to http://www.nasa.gov/centers/kennedy/home/index.html for further information. 


8.8 LANGLEY RESEARCH CENTER 


The Langley Research Center (LaRC) in Hampton, Virginia, adjacent to Langley Air 
Force Base, is regarded as the Agency’s “Mother” Center. It was established by NACA in 
1917 and for many decades it primarily focused on aeronautical research using its exten- 
sive wind tunnel facilities. It still does, but has added space research since the days of 
rocket research in the 1940s and Project Mercury in the late 1950s and early 1960s. 

Its research is currently focused primarily on aeronautical research, science, space 
technology and exploration, and flight projects as follows: 


e The Aeronautics Research Mission Directorate supports research and develops 
tools and technologies that can be integrated into more advanced and efficient air- 
craft and airspace systems. It has a New Aviation Horizons plan to build and fly a 
series of X-planes and a set of complementary investments involving expanded air 
traffic management field tests and demonstrations of unmanned aerial vehicle. It 
operates an extensive system of wind tunnels and advanced fabrication research 
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facilities for aeronautical and space research, and many other facilities including 
those for landing aircraft and spacecraft and recovery operations. 

The Science Directorate gathers, measures and analyzes atmospheric data, and 
operates the Atmospheric Science Data Center. It carries out research into how the 
surface of our planet interacts with the atmosphere. 

The Exploration and Flight Projects Directorate supports research into, and testing 
of, a variety of spacecraft for lunar and other deep space missions, including to 
asteroids and Mars. It also conducts research in radiation protection, Orion water 
landing and recovery operations, plus inflatable technology and materials. It leads 
the Center’s flight projects, including those for science, in terms of procedures, 
processes, practices, and execution. 


Go to http://www.nasa.gov/centers/langley/home/index.html for further information. 


8.9 MARSHALL SPACE FLIGHT CENTER 


The Marshall Space Flight Center (MSFC) in Huntsville, Alabama, was the original home 
of the Redstone Arsenal that provided the first launch vehicle for Project Mercury, and 
later the Saturn for the Apollo Program and all propulsion elements of the Space Shuttle. 
They are still leaders in providing the vehicles that give the U.S. access to space. Marshall 
maintains a broad spectrum of design, development, and testing capabilities for launch 
vehicles and spacecraft. 

The core capabilities of MSFC include: 


It has propulsion expertise in traditional solid and liquid propulsion technology, as 
well as advanced systems such as solar sails and nuclear propulsion. It manages and 
operates the Propulsion Research Development Laboratory. The development of 
the new SLS to support deep space missions is related in Chap. 3. 

It has materials and manufacturing expertise, and the most comprehensive database 
of materials properties in the world. It also develops new manufacturing technolo- 
gies and techniques applicable all the way from the smallest engine components to 
the largest of cryogenic fuel systems. It is state-of-the-art in applying friction stir 
welding, ultrasonic welding, and additive manufacturing technology. 

It maintains a broad spectrum of design, development, and testing capabilities for 
launch vehicles and spacecraft. It develops and analyzes advanced vehicle and sys- 
tems concepts, designs advanced avionics and guidance systems, and provides a 
full suite of capabilities for structural testing. 

It manages the Huntsville Operations Support Center, which supports the ISS life 
support systems and conducts research and testing of advanced systems, verifies 
flight hardware prior to flight, and manages and operates over 40 test facilities for 
large rocket structures and spacecraft systems, including the Michoud Assembly 
Facility. 

It conducts Earth science, heliophysics, astrophysics, and planetary science inves- 
tigations and manages the Chandra X-Ray Observatory. It played a key role in the 
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development of many space telescopes, is host to the National Space Science and 
Technology Center, and manages and supports the Payload Operations Integration 
Center for research onboard the ISS. 


Go to http://www.nasa.gov/centers/marshall/home/index.html for further information. 


8.10 STENNIS SPACE CENTER 


The Stennis Space Center (SSC) situated on 13,800 acres in Hancock County, Mississippi, 
is NASA’s primary rocket propulsion testing ground. It was selected as a site in October 
1961 to flight certify all of the first and second stages of the Saturn V launch vehicle for 
Apollo. From 1975-2009 its primary mission was to test the main engines of the Space 
Shuttle. Today, it is testing the RS-25 engines that will power the core stage of the SLS (for 
details on this engine, see Chaps. 3 and 4). SSC is working with commercial companies 
such as SpaceX to test the engines and components that they will need in order to develop 
their own space mission capabilities. 

The Engineering and Test Directorate is the SSC office responsible for overseeing the 
safe operation of one-of-a-kind national test facilities valued at over $2 billion, and for 
overseeing several rocket engine propulsion test programs. It maintains full scale rocket 
engine/motor test facilities, component and small engine test facilities, and a materials test 
facility. There are two single position large scale engine test stands, one dual position large 
scale engine and stage test stand, and the E-Complex in which to test small engine and 
single/multiple components. The Directorate also provides engineering laboratory capa- 
bilities to support validation for modeling products, algorithm development, and sensor 
development for propulsion testing applications. 

The RS-25 engines are currently being test fired on the A-1 Test Stand. Work is under- 
way to restore the B-2 Test Stand to accommodate the SLS core stage with its four RS-25 
engines; all actual flight articles for the EM-1 mission. Another million pounds of steel 
were added to the already 1.2 million lb framework in order to accommodate the larger 
SLS stage. Also upgraded was the high pressure industrial water system to deliver 335,000 
gallons of water per minute to the stand during test operations. The work was completed 
in December 2016. Actual testing is scheduled to start in 2017. 

Go to http://www.nasa.gov/centers/stennis/home/index.html for further information. 


8.11 JET PROPULSION LABORATORY 


The Jet Propulsion Laboratory (JPL) is a unique national research facility about five miles 
north of Pasadena in California which carries out robotic space and Earth science mis- 
sions. Its history goes back to the 1930s when Caltech professor Theodore von Kármán 
was overseeing work into rocket propulsion. He and his students fired their first rocket 
from the site on October 31, 1936. The Army Air Corps had helped them to acquire the 
desolate land for this dangerous work. 

JPL is a federally funded research and development center which is managed for NASA 
by Caltech. From the long history of leaders drawn from the university’s faculty to joint 
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programs and appointments, JPL’s intellectual environment and identity are profoundly 
shaped by being part of an academic institution. 

JPL helped to open the Space Age by developing America’s first Earth satellite, Explorer 
1, launched in February 1958, which discovered the Van Allen Belts. In October of that 
year JPL became part of the new National Aeronautics and Space Administration. It has 
since created the first successful interplanetary spacecraft, and has sent robotic probes to 
study the Moon and every planet in the solar system as well as a number of asteroids and 
comets. See Appendix 2 for the key Mars robotic missions. In addition to its missions, JPL 
developed and manages NASA’s Deep Space Network, a global system of antennas that 
communicate with deep space missions (see Sect. 3.6). This network will maintain contact 
with all human missions to Mars. 

Today, JPL continues to lead the world in innovation, implementing programs in plan- 
etary exploration, Earth science, space-based astronomy, and the development of new 
technologies. The technologies which it develops to enable new missions are applied on 
Earth to benefit our everyday lives, and its capabilities are applied to technical and scien- 
tific problems of national significance. 

Go to http://www.nasa.gov/centers/jpl/home/index.html for further information. 


9 


Other Government Contributions 


9.1 OVERVIEW 


Several government organizations that are not NASA Centers have contracts, arrange- 
ments or affiliations with the Centers or with a Department of Defense facility in support 
of the Human Exploration Program. Many organizations have very unique facilities that 
were used for earlier space programs and are now utilized for future deep space missions. 
Some are now conducting research, testing, and evaluations of flight elements and systems 
for deep space programs. This chapter briefly describes these organizations and their sup- 
port for deep space missions, such as to Mars. 


9.2 WHITE SANDS TEST FACILITY 


The White Sands Test Facility (WSTF), located in the western foothills of the Organ 
Mountains, 11 miles east of Las Cruces, New Mexico is a U.S. Army rocket engine test 
facility and resource for testing and evaluating potentially hazardous materials, space 
flight components, and rocket propulsion systems. It was established by NASA on the 
White Sands Missile Range in 1963. Its services are available to NASA, the Department 
of Defense, other federal agencies, universities, and commercial industry. It is managed by 
the Johnson Space Center. The NASA Tracking and Data Relay Satellite (TDRS) ground 
station is located nearby. All missions to Mars will utilized the TDRS system while in low 
Earth orbit and out to where the spacecraft is so far away that the Deep Space Network 
picks up the communications and tracking. The Orion Pad Abort Test was conducted at the 
Army’s White Sands Missile Range located farther east. 

The WSTF unique capabilities include the following: 


e It has unique and comprehensive testing and analysis capabilities for evaluating 
material, component, and system behaviors in hazardous environments. In this ser- 
vice it routinely offers materials properties determination, materials compatibility 
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and toxicity analyses, detonation studies, flight article outgassing characterization, 
systems analysis, propellant characterization, and orbital debris impact simulation 
testing. 

e The facility performs development and certification testing of space propulsion 
systems for manned and unmanned spacecraft. It offers numerous ambient pressure 
and altitude simulation stands to test rocket propulsion test systems, as well as 
single rocket engines. 

e It specializes in the study of oxygen compatibility in spacecraft, aircraft, medical, 
and industrial applications. 

e In terms of propellants and aerospace fluids, it supports propulsion testing and 
offers remote assistance to end users in aerospace and industry, provides analysis of 
systems and operational safety, propellant specification analysis, personal protec- 
tive equipment assessment, and detection technologies for both industrial and flight 
applications. 

e It provides testing, nondestructive evaluation, and analysis of material structures 
for composite pressure systems. 

e For materials flight acceptance, it performs testing to better understand, improve, 
and verify the systems, capabilities, and materials used in space flight, and also to 
ensure safety during manned space flights. 

e In the realm of safety and mission assurance, it provides all environmental testing 
to ensure the safety of facilities, personnel, and environment. 


WSTF is preparing a test program to qualify the main engine of the European Service 
Module that will propel the Orion spacecraft in different phases of a mission. It will test 
the engineering units of the spacecraft elements that will fly the EM-1 mission, currently 
scheduled for late 2018. Beginning in 2017 the Agency will test a propulsion qualification 
module which includes flight-like test units of the engine, propellant systems, and propul- 
sion control units. 

The 13 ton Service Module will provide propulsion, power, temperature control, and 
air and water for the Orion crew. However, before the main engine is incorporated into the 
SM, WSTF will play an essential role in ensuring that it meets the requirements for flight. 
The main engine of the SM is a modified Orbital Maneuvering System (OMS) engine 
initially used on the Space Shuttle to provide thrust to enter and exit orbit, rendezvous, and 
execute abort situations. NASA is repurposing these engines for the Service Module. 
Together with components from the thrust vector control system these engines will allow 
NASA to retain proven heritage hardware. WSTF has repurposed Test Stand 301 to con- 
duct rocket engine testing. The stand was originally built in the 1960s to test the propul- 
sion system of the Apollo service module. 

The propulsion qualification module that will be used for testing is currently being 
assembled by ESA contractor, Airbus Defence and Space. It employs a number of helium 
tanks, propellant tanks, thrusters, and flight-representative equipment such as piping, elec- 
tronics, pressure control assemblies, a pressure regulation unit, and propellant isolation 
equipment. Data from these tests will support verification of the proper operation of the 
propulsion system. Meanwhile, the main engine for flight was refurbished and acceptance 
tested at WSTF, then shipped to the Johnson Space Center for vibration testing to help to 
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verify the engine will withstand the loads induced by launch on the SLS rocket. Then the 
flight engine will be supplied to the European Space Agency for integration into the 
Service Module for the first Orion-SLS test flight, Exploration Mission-1 (EM-1), when 
an uncrewed Orion will be sent on a trajectory that will loop back to Earth about 40,000 
miles beyond the Moon. 


9.3 U.S. NAVY TEST FACILITIES 


There are two U.S. Navy Test Facilities which support Mars missions: the Naval Air 
Weapons Station (NAWS) at China Lake, California, and the Pacific Missile Range 
Facility (PMRF) in Kauai, Hawaii. 

Situated in the Western Mojave Desert, around 150 miles north of Los Angeles, NAWS 
is part of the Navy Installations Command. China Lake is the Navy’s single largest land- 
holding, representing 85% of its land for weapons and armaments research, development, 
acquisition, testing and evaluation (RDAT&E), and 38% of its land holdings worldwide. 
In total, the two ranges and the main site cover more than 1,100,000 acres (4,500 km’), an 
area larger than the state of Rhode Island. The roughly $3 billion infrastructure of the 
installation comprises 2,132 buildings and other facilities, 329 miles of paved roads, and 
1,801 miles of unpaved roads. The 19,600 sq miles (51,000 km?) of restricted and con- 
trolled airspace at China Lake forms 12% of California’s total airspace. Jointly controlled 
by NAWS China Lake, Edwards Air Force Base, and Fort Irwin, this airspace is known as 
the R-2508 Special Use Airspace Complex. 

NASA used the China Lake rocket sled to replicate the forces which a supersonic 
spacecraft would experience before landing. The sled tests allow the Low Density 
Supersonic Decelerator Project (LDSD) to test inflatable and parachute decelerators to 
slow spacecraft prior to landing, and allow NASA to increase landed payload masses, 
improve landing accuracy, and increase the safe altitude of landing sites. These new 
devices are the first steps on the technology pathway to land humans, habitats, and ascent 
rockets safely on Mars and other locations in deep space. This particular test series at the 
NAWS is led by the Jet Propulsion Laboratory. The LDSD is one of nine missions man- 
aged by NASA’s Marshall Space Flight Center’s Technology Demonstration Missions 
Program for NASA’s Office of the Chief Technologist in Washington. 

The Navy’s PMRF is also supporting the Mars LDSD project by launching a saucer 
shaped vehicle to test two devices for landing heavy payloads on Mars. The first is an 
inflatable donut-shaped device and the other is a supersonic parachute. The vehicle is 
slung under a balloon and raised to high altitude, where the vehicle’s rocket boosts it to the 
top of the stratosphere to start the supersonic test. Two tests have been completed. During 
the first flight in 2014 the main goal was to demonstrate and operate the vehicle through 
its entire mission. That flight also carried the two LDSD braking technologies. Although 
the Supersonic Inflatable Aerodynamic Decelerator (SIAD) functioned perfectly on the 
first test, the supersonic parachute didn’t inflate as designed. With the data from that test, 
the LDSD team developed a new formula for the next parachute, to make it stronger and 
more curved into its top to better survive the initial shock of the supersonic wind. During 
the second flight in 2015 the project team tested two decelerator technologies that could 
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enable larger payloads to land safely on Mars and facilitate access to more of the planet’s 
surface by assisting landings at higher altitude sites (the issue here being that the atmo- 
sphere of Mars is so tenuous that lower altitude sites provide a greater opportunity for a 
parachute to slow down). 

A high altitude balloon carried the LDSD test vehicle to 120,000 ft above the Pacific 
Ocean. An onboard rocket motor then took the vehicle to 180,000 ft, where the first brak- 
ing technology (the SIAD) deployed at about Mach 3. Fourteen seconds after SIAD infla- 
tion, the test vehicle’s parachute was released into the supersonic slipstream according to 
plan. Preliminary analysis of imagery and other data indicated the Supersonic Ringsail 
parachute deployed. At 100 ft wide, it is the largest supersonic parachute ever flown! It has 
more than double the area of the parachute used for the Mars Science Laboratory/Curiosity 
mission. However, the parachute soon began to generate large amounts of drag and a tear 
developed in the canopy at about the time it was fully inflated. On the other hand, the test 
produced another successful inflation of the 20 ft SIAD and another successful deploy- 
ment and inflation of the supersonic ballute (an inflatable drag device that extracts the 
parachute). Both of these devices have now had two successful flights. Such a test pro- 
gram is vital because when humans eventually land on Mars the payloads will be much 
heavier than the robots that are currently being landed. 

The Space Technology Mission Directorate of NASA funds the LDSD tests as a joint 
effort headed by JPL. The Technology Demonstration Mission Program at the Marshall 
Space Flight Center manages the LDSD. The Wallops Flight Facility in Virginia coordi- 
nates the range and safety support with PMRF and provides the balloon systems used in 
the LDSD tests. 


9.4 US. ARMY YUMA PROVING GROUND 


Yuma Proving Ground (YPG) is a subordinate command of the U.S. Army Test and 
Evaluation Command. Situated in southwestern La Paz County and western Yuma County 
in southwestern Arizona, approximately 30 miles north-east of the city of Yuma, it is one 
of the largest military installations in the world. 

Encompassing 1,308 sq miles (3,387 km?) of the Sonoran Desert, the YPG is fast 
becoming the Department of Defense’s premier test and evaluation site for improvised 
explosive devices. Hundreds of Unmanned Aerial Vehicles (UAV) fly there each year from 
its the six airfields, as do helicopters and fixed-wing aircraft conducting personnel and 
cargo parachute drops. Nearly all the long range artillery testing for American ground 
forces takes place there. Many friendly foreign nations also visit the site to conduct test 
programs, including Germany, Japan, Canada, Singapore, Saudi Arabia, Sweden, the 
United Kingdom, and France. 

NASA conducted a series of successfully drop tests of the Orion crew vehicle’s para- 
chutes high above the Arizona desert prior to the ETF-1 flight in 2014. A C-130 Hercules 
dropped the Orion test article from an altitude of 25,000 ft. The drogue parachutes were 
deployed between 15,000 and 20,000 ft, followed by the pilot parachutes, which then 
deployed two main landing parachutes. See Sect. 3.2.6 for further details. 


10 


International Contributions 


10.1 OVERVIEW 


This chapter will summarize what our international partners are providing for missions to 
deep space. While the current model for international cooperation is the International 
Space Station, not all of these countries are yet engaged in the Exploration Program. 
Nevertheless, some space agencies are involved in the development of the SLS launch 
vehicle and the Orion spacecraft, as well as participating in studies to provide other mod- 
ules. Since a mission to Mars is a long way off, their individual contributions on such 
missions remain to be defined. However, a look at the international support for the ISS 
serves to identify the current level of support, as well as each country’s capabilities and 
expertise. 

The most striking thing about the ISS is that it represents a human accomplishment at 
least as much as it is a technological achievement. It has evolved ways to plan, coordinate, 
and monitor the various activities of the participating organizations. The principals are the 
space agencies of the United States, Russia, Europe, Japan, and Canada. Other countries 
are also involved from a science experiment perspective. As the most politically complex 
space program yet undertaken, the ISS is a model for how the human race will venture into 
deep space. 

It draws together international flight crews, multiple launch vehicles, launch sites dis- 
tributed around the globe, operations, training, engineering, and development facilities, 
communications networks, and the international scientific research community. Elements 
launched from different countries and continents aren’t mated until they reach orbit, and 
in fact some elements that were launched towards the end of the assembly sequence hadn’t 
been built when the first elements of the station were launched. 

Operating the ISS is rather more complicated than other space flight endeavors because 
it is an international program, with each partner having the primary responsibility to man- 
age and run the hardware which it supplies. To construct, assemble, and operate the ISS 
required the support of facilities managed by all of the international partner agencies and 
countries which participate. These include construction facilities, launch support and 
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processing facilities, mission operations support facilities, research and technology devel- 
opment facilities, and communications facilities. The following are brief descriptions of 
the contributions by the international partners. 


10.2 CANADIAN SPACE AGENCY 


Established in March 1989, the Canadian Space Agency (CSA) was created through an 
Act of Parliament that was proclaimed in December 1990. But Canada was contributing to 
the Space Shuttle long before there was a CSA. The Canadarm, one of Canada’s greatest 
contributions to international space exploration, had its debut as the Robotic Manipulator 
System (RMS) on the STS-2 mission of November 1981. After ninety successful missions 
it was retired in July 2011, having paved the way for a new generation of Canadian robot- 
ics aboard the ISS. 

Canada’s contribution to the ISS is a sophisticated robotics suite that assembled the 
station in space, module by module. Developed for the Canadian Space Agency by 
MacDonald, Dettwiler and Associates (MDA) of Brampton, Ontario, the Mobile Servicing 
System (MSS) consists of the Canadarm2, the Special Purpose Dexterous Manipulator 
called Dextre and the Mobile Base System (MBS). 

Canadarm2 is a 56 ft (17 m) long robotic arm. In addition to being used to assemble the 
ISS module by module, it is routinely used to move supplies, equipment and even astro- 
nauts around the structure, and executes “cosmic catches” by capturing and docking sev- 
eral types of unpiloted cargo spacecraft. 

Dextre is the most sophisticated space robot ever created. Its role is to perform mainte- 
nance work and repairs like changing batteries and replacing cameras outside the 
ISS. Having Dextre on call will reduce the number of risky spacewalks required to under- 
take routine chores. It will also offer a unique testing ground for new robotics concepts 
such as servicing satellites in space. A trip to Mars will most likely require a robotics 
capability and the CSA is ideally positioned to provide that capability. The Next Generation 
Canadarm (NGC) facility built by MDA offers a suite of robotic systems that have the 
capability to support both low Earth orbit and deep space missions by executing tasks 
which range from repairing communication satellites to assisting in the human exploration 
of the Moon, asteroids and targets beyond. The NGC facility comprises four versatile 
state-of-the-art robotic prototypes and a mission control station. 

The MBS is a moveable work platform and storage facility to help astronauts on space- 
walks. Having multiple grapple fixtures, it can simultaneously function as a base for both 
Canadarm2 and Dextre. Since it is mounted on the Mobile Transporter (MT) provided by 
NASA, the MBS can move key elements to their required worksite by sliding along a rail 
system that runs along the main truss “backbone” of the station. 

The Payload Telescience Operations Center (PTOC) enables the CSA to support 
Canadian science experiments aboard the ISS. It gives the Canadian support team direct 
communications with NASA’s Payload Integration Operations Center at the Marshall 
Space Flight Center. This makes it possible to support science on the ISS in real-time. 
When an astronaut is performing a Canadian science experiment, the CSA’s ground opera- 
tions team (which generally includes the mission manager, the operations engineer and the 
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mission scientist) monitors from the PTOC in order to ensure the smooth unfolding of 
operations and to assist the astronauts when necessary. Depending on the science to be 
conducted on a Mars mission, the PTOC may still be involved. 


10.3 EUROPEAN SPACE AGENCY 


The European Space Agency (ESA) is an intergovernmental organization of 22 member 
states dedicated to the exploration of space. Established in 1975 and headquartered in 
Paris, France, it has some 2,000 personnel and its budget in 2016 was about €5.25 billion 
(US$5.77 billion). The European contribution to the ISS amounts to about an 8% share in 
the program and involves 10 of its member states: Belgium, Denmark, France, Germany, 
Italy, Netherlands, Norway, Spain, Sweden and Switzerland. The vast majority of this 
amount was contributed by Germany (41%), France (28%) and Italy (20%). The way that 
ESA supports and operates the ISS will serve as a good model for supporting a deep space 
mission such as to Mars. 

The largest physical contribution by ESA is the Columbus laboratory. This was 
launched by Space Shuttle in 2008. Fabricated in Italy by Alcatel Alenia Space with func- 
tional architecture and software designed by the European Aeronautic Defence and Space 
Company (EADS), the pressurized module is a sophisticated scientific facility planned to 
last at least a decade. In July 2000 there was a merger of Aérospatiale-Matra, 
DaimlerChrysler Aerospace AG (DASA), and Construcciones Aeronáuticas SA (CASA). 
In January 2014, EADS was reorganized as Airbus Group NV, combining the divisions for 
developing and marketing of civil and military aircraft, as well as communications sys- 
tems, missiles, space rockets, helicopters, satellites, and related systems. It is situated in 
Leiden in the Netherlands and consists of the three business divisions Airbus, Airbus 
Defence and Space, and Airbus Helicopters. 

Columbus is operated directly by ESA from the Columbus Control Centre. This is 
located at the Space Operations Center of the German Space Agency (DLR) in 
Oberpfaffenhofen, near Munich in Germany. When the European Automatic Transfer 
Vehicles (ATV) flew to the ISS, these were operated from the ATV Control Centre in 
Toulouse, France. The Columbus Control Center maintains close contact with the Mission 
Control Center in Houston, which has overall responsibility for the ISS together with the 
Mission Control Center in Moscow. In addition, the Columbus Control Centre coordinates 
with the Payload Operations and Integration Center at the Marshall Space Flight Center. 

User Support and Operation Centers (USOCs) are distributed across Europe. These 
Centers are responsible for using and implementing European payloads on the ISS. On 
behalf of users, and under ESA management, the USOCs prepare and operate facilities for 
experiments on the station. As the link between user and the ISS, they are the focal points 
for the preparation and operation of ESA payloads. Once the payloads are in orbit, the 
USOCs, with support from the Columbus Control Center, operate the payloads for which 
they are responsible and receive the data from the experiments being performed. In addi- 
tion, USOCs interact with the scientists by providing them with data on the experiments, 
receiving and processing requests for scheduling experiments, and providing information 
and instructions regarding the experiments underway. While the role of an individual 
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USOC varies with the technical and operational responsibilities that it has been assigned, 

all USOCs act as information centers for national users. They identify potential users and 

familiarize them with the possibilities that the ISS offers for scientific and commercial use. 
The USOCs for the ISS are: 


e BIOTESC — Biotechnology Space Support Centre (Zurich, Switzerland) www. 
spacebiol.ethz.ch/biotesc/ 

e B-USOC - Belgian User Support and Operations Centre (Brussels, Belgium) www. 
busoc.be 

e CADMOS - Centre d’Aide au Développement des activités en Micropesanteur et 
des Opérations Spatiales (Toulouse, France) www.cnes.fr 

e DAMEC - Danish Medical Centre of Research (Odense, Denmark) www.damec.dk 

e E-USOC — Spanish User Support and Operations Center (Madrid, Spain) www. 
eusoc.upm.es 

e MUSC — Microgravity User Support Centre (Cologne, Germany) www.dlr.de/musc 

e N-USOC — Norwegian User Support and Operations Centre (Trondheim, Norway) 
Wwww.n-usoc.no 


The Italian maker of Columbus also supplied the two ISS nodes, Harmony and 
Tranquility, which connect modules of the station and have docking ports for visiting 
spacecraft. They were launched by Space Shuttle in 2007 and 2010 respectively. 
Independently of its participation in the ESA involvement, the Italian Space Agency also 
built the Multi-Purpose Logistics Modules (MPLM) for NASA. Named Leonardo and 
Raffaello, these were carried by the Space Shuttle, mated onto the ISS by the robotic arm 
facilities, unloaded of their cargo, and then placed back into the Shuttle for return to Earth. 
One of these modules was modified and left attached to the station. Likewise, ESA built 
the Cupola module for NASA which is used for wide-field viewing. In 2017 the European 
Robotic Arm will be launched by a Russian vehicle and installed on the Russian part of the 
ISS. It is likely that the Logistics Module for a Mars mission will be derived from the 
MPLM design. 

ESA has also provided the data management system designed for the Russian segment 
of the ISS, called DMS-R. Installed aboard the Zvezda Service Module it provides control, 
navigation, mission management, and failure management. 

ESA routinely provides astronauts for the ISS, and in 2001 Italian Umberto Guidoni 
became the first European astronaut to board the station. 

Considering a two year trip to Mars with considerable experiments to be conducted, 
this ISS model for science operations will most likely be replicated to a degree. 


10.4 ROSCOSMOS 


In 2015 Russia merged Roscosmos with the United Rocket and Space Corporation (which 
was the re-nationalized Russian space industry) to form the Roscosmos State Corporation 
for Space Activities. Its assignment was to oversee and implement a comprehensive 
reform of the Russian space industry. Roscosmos is also placing orders for the develop- 
ment, manufacture, and supply of space equipment and space infrastructure objects. The 
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state corporation is also responsible for international space cooperation, and is charged 
with setting the stage for future use of the results of space activities in the social and eco- 
nomic development of Russia. 

Roscosmos is in Moscow, the Mission Control Space Center is in the nearby city of 
Korolev, and the Yuri Gagarin Cosmonaut Training Center is in Star City. The launch 
facilities used are the Baikonur Cosmodrome in Kazakhstan (with most launches taking 
place there, both manned and unmanned) and the new Vostochny Cosmodrome under 
construction in Amur Oblast in the Russian Far East. 

As one of the partners in the ISS, the Russian Space Agency has contributed the Zarya 
and Zvezda core modules that were launched by Proton rockets in 1998 and 2000 respec- 
tively. The Rassvet module was launched by Space Shuttle in 2010 and is primarily used 
for cargo storage and as a docking port for visiting spacecraft. The Nauka module planned 
for late 2017 is to be the final component of the ISS. Roscosmos is also responsible for 
expedition crew launches by Soyuz spacecraft and unmanned Progress cargo ferries. 

As of early 2017, the U.S. remains dependent upon Roscosmos for crew “taxis rides” 
to the ISS in Soyuz spacecraft. Replenishment was initially solely by the Progress ships, 
but then the other partners joined in with the European ATV (first in 2008) and the Japanese 
HTV (2009). Now the American commercial space industry is delivering cargo using the 
Dragon of SpaceX (2012) and the Cygnus of Orbital ATK (2013). 

The degree to which Roscosmos will support the first human missions to Mars is still 
to be defined. 


10.5 JAPANESE AEROSPACE EXPLORATION AGENCY 


The Japan Aerospace Exploration Agency (JAXA) was established on 1 October 2003 by 
the merger of three formerly independent organizations. It has a broad remit which 
includes a range of research topics, developing advanced technologies, and launching sat- 
ellites. It is involved in many more advanced missions, such as asteroid exploration and 
possible manned exploration of the Moon. 

The Japanese Experiment Module (JEM), known as “Kibo” (pronounced key-bow; 
“hope” in Japanese) is that nation’s first crew-rated space facility and JAXA’s first contri- 
bution to the ISS. Kibo was designed and developed with a view to conducting a broad 
range of scientific, medical, and educational experiments. As a part of the ISS, it provides 
extensive opportunities for space environment utilization. The resources to sustain Kibo 
(air, power, data, and cooling fluid) are provided by the U.S. segment but the logistics for 
the experiments are provided by HTV modules that are launched from Japan using the 
H-2B launch vehicle. 

While Japan now has extensive space experience, its role in the first crewed Mars mis- 
sion remains to be defined. 
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Prime and Support Contractors 


11.1 OVERVIEW 


Even in 2017 one can identify many of the contractors that will be providing elements, 
systems, subsystems and components for a Mars Orbital Mission, even though such a 
flight cannot occur for a decade or more. Such is the status of the spent costs for some of 
the necessary systems that have been designed and built thus far and are contracted into 
the future. For example, the Orion spacecraft of today is probably the same as the space- 
craft that will be sent to Mars in the future, although possibly with some enhancements. 
Also, such is the nature of the aerospace industries, both foreign and domestic, that pro- 
vide that equipment. While there will of course be some, as yet undefined piece of equip- 
ment such as the Habitat and Logistics modules, most of the major elements have been 
defined and have either passed through the design verification processes or are currently 
in that process. We are in a rapid period of technological advancement, and many advances 
are already incorporated into the major elements. But of course, if a better subsystem or 
component becomes available, that can be swapped for an existing one after due testing 
and certification. However, because the nature of the flight certification process is a lengthy 
one we often fly with outdated state-of-the-art equipment primarily because it works and 
has proven to be safe and reliable. The Space Shuttle did that for years. 

The ensuing sections describe the roles of the four major prime contractors for the 
essential elements that will support an expedition into deep space, such as a Mars Orbital 
Mission. They are Boeing, Orbital ATK, Lockheed Martin, and Aerojet Rocketdyne. As do 
the NASA Centers, each of these companies has many subcontractors for related systems 
and services work. While there are several hundred subcontractors and suppliers providing 
component parts, only a small number can be included in the pages available here. 

For further information go to https://www.nasa.gov/externalflash/esdsuppliersmap/ or 
go to https://www.nasa.gov and type in “ESD suppliers map.” 
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11.2 BOEING 


In September 2006, Boeing was awarded a contract to develop the primary heat shield 
material for the spacecraft called Phenolic Impregnated Carbon Ablator (PICA), manufac- 
tured by Fiber Materials, Inc., Biddeford, Massachusetts. A contract was awarded to 
Boeing for $10 million to perform an early investigation of a proprietary material called 
Boeing Phenolic Ablator (BPA). Another contract was awarded to Textron Systems for 
approximately $24 million to perform an early investigation of two other proprietary 
material options, Avcoat (used on Apollo) and Dual Layer. Each contract covered a 16 
month period from May 4, 2007 to August 31, 2008. 

Boeing began studies of upper stages and avionics as early as 2007, but that work was 
later halted with the cancellation of the Constellation Program. The architecture work on 
the Space Launch System began in 2011. In 2012 Boeing delivered some test hardware 
and went through the various design reviews. By July 2014 it had finalized a 6.5 year 
contract with NASA worth $2.8 billion to develop the core stage of the SLS and the neces- 
sary avionics, as well as to study the crew-rated Exploration Upper Stage to replace the 
Interim Cryogenic Propulsion Stage that will fly the first two missions. That contract 
extends through 2021 and calls for the company to deliver two complete SLS core stages. 
Boeing stands to receive about $3 billion through 2021 for this work. 

Both of the first two SLS missions, called Exploration Missions, will boost the 
Lockheed Martin-built Orion crew capsule to the same distant lunar retrograde orbit where 
NASA has proposed redirecting a small asteroid for it to be visited by astronauts by 2025. 
Contracts for the vehicles to send a crew to Mars have not yet been awarded. 


11.3 ORBITAL ATK 


Alliant Techsystems (ATK) took over Thiokol’s work in solid rocket boosters in 2001. 
Then in November 2010 it was selected by NASA for potential contracts in heavy lift 
launch vehicle systems and other propulsion technologies. In 2012, NASA awarded the 
company a $50 million contract to complete engineering development and risk reduction 
tests as part of the Advanced Concept Booster Development for the new SLS. 

In 2012 NASA awarded three study contracts with a total value of $137.3 million to 
improve the affordability, reliability, and performance of the advanced booster. These con- 
tracts called for engineering demonstrations and outlining risk reduction concepts for a 
future version of the SLS over a 30 month period. 

The three companies were: 


e ATK Launch Systems Inc., of Brigham City, Utah. The contract addressed the key 
risks associated with low cost solid propellant boosters, particularly in the areas of 
composite case design and development, propellant development and necessary 
characterization, nozzle design and affordability enhancement, and avionics and 
controls development. 

e Dynetics Inc., of Huntsville, Alabama, demonstrated the use of modern manufac- 
turing techniques to produce and test several primary components of the F-1 rocket 
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engine, including an integrated powerpack that incorporates the gas generator, 
pumps, turbine, and all the elements of the engine except for the combustion cham- 
ber. In addition, the contractor demonstrated innovative fabrication techniques for 
metallic cryogenic tanks. 

e Northrop Grumman Corporation Aerospace Systems of Redondo Beach in 
California, demonstrated innovative design and manufacturing techniques for com- 
posite propellant tanks which had low fixed costs and affordable production rates. 
Independent time and motion studies compared demonstration affordability data to 
the SLS advanced booster development, production, and operations. 


In 2015, Orbital ATK was created by the alliance of Orbital Sciences Corporation and 
the aerospace and defense businesses of ATK. Work of the Advanced Solid Rocket 
Boosters fell under this combined entity, and the contract for the boosters that will be 
mated with the SLS core stage went to Orbital ATK. 


11.4 AEROJET ROCKETDYNE 


In November 2015, NASA selected Aerojet Rocketdyne of Sacramento, California, to 
restart production of the RS-25 engine for the SLS and deliver a certified engine. Part of 
the Agency’s strategy to minimize the cost of developing the SLS was to leverage the 
assets, capabilities and experience of the Space Shuttle, therefore the core stages of the 
first four missions will use the stock of 16 existing RS-25 engines in an upgraded 
configuration. 

Under the $1.16 billion contract, the company will modernize the heritage engine to 
make it more affordable and expendable for the SLS. The contract will continue through 
September 30, 2024. The new RS-25 developed under this contract will have fewer parts 
and welds and will be certified to a higher operational thrust level. It will benefit from 
improvements in materials and manufacturing techniques such as five-axis milling 
machines, 3D manufacturing, and digital X-rays. By restarting the company’s production 
capability, the contract will include furnishing the necessary management, labor, facilities, 
tools, equipment, and materials required for this effort, implementing modern fabrication 
processes and affordability improvements, and producing the hardware that is required for 
development and certification testing. It also allows for a potential future modification that 
would enable NASA to order six flight engines. Engine testing will be performed at 
NASA’s Stennis Space Center. 


11.5 LOCKHEED MARTIN 


The study phase for the Orion spacecraft began in the days of the Constellation Program, 
which the Obama Administration canceled. In 2005, two industry teams of Northrop 
Grumman/Boeing and Lockheed Martin spent 13 months refining concepts, analyzing 
requirements, and sketching designs for the spacecraft — originally called the Crew 
Exploration Vehicle. On August 31, 2006 the NASA Exploration Systems Mission 
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Directorate awarded Lockheed Martin Corporation of Bethesda, Maryland, the contract to 
build Orion. The seven year contract allocated $3.9 billion for design, development, test- 
ing and evaluation (DDT&E) tasks. In addition, there were contract options for production 
and sustaining engineering activities worth more than $4 billion through 2019. 

On April 20, 2007 NASA modified the contract by adding two years to the design phase 
and two test flights of the launch abort system. Production of a pressurized cargo carrier 
for the ISS was deleted. This contract modification, in the amount of $385 million, brought 
the total contract value to approximately $4.3 billion and adjusted the development period 
of performance through December 2013. 

Based upon a recommendation by the Augustine Commission, President Obama can- 
celed the Constellation Program in 2010. In May 2011 the spacecraft was redesigned as a 
Multi-Purpose Crew Vehicle and new contracts were let to reflect the new design. On July 2, 
2012, Lockheed Martin delivered the first space-bound Orion spacecraft crew module struc- 
ture to the Operations and Checkout Building at KSC. The crew module structure underwent 
its final friction stir weld at the Michoud Assembly Facility, and was then taken to KSC to be 
prepared for the Exploration Flight Test (EFT-1) that occurred on December 5, 2014. 

As of October 26, 2015, Lockheed Martin and NASA had completed the majority of 
Orion’s Critical Design Review (CDR). The spacecraft was moved into full-scale fabrica- 
tion, assembly, integration, and testing. The program was on track to complete the space- 
crafts development for the Exploration Mission-1 (EM-1). The complete EM-1 CDR 
process was concluded following the CDR of the European Service Module for the 
spacecraft. 

In early 2016 the crew module pressure vessel was shipped to the Operations and 
Checkout Facility for final assembly, integration, and testing to prepare for EM-1. This 
launch on the SLS is scheduled for late 2018. The first crewed Orion launch on the Block 
1 SLS will probably not occur until 2023 or perhaps even later. 

Lockheed Martin is leading the Orion industry team that includes Aerojet Rocketdyne, 
United Technologies Aerospace Systems, and Honeywell. The effort is supported by a 
large network of minor subcontractors and small businesses in 45 states across the country. 
Approximately 3,000 people are working on the Orion spacecraft, including contractors, 
civil servants, subcontractors, suppliers, and small businesses. 

In addition to the Orion contracts, Lockheed Martin supports other activities that relate 
to supporting future deep space missions, including providing support for the hardware, 
software, and data and displays systems required to train for and execute all human space 
missions of the Mission Operations Directorate at the Johnson Space Center in Houston; 
in particular supporting the Christopher C. Kraft Jr. Mission Control Center and the Jake 
Garn Mission Simulator and Training Facility. 


11.6 ESA/AIRBUS 


In December 2012, NASA and ESA agreed to certify the new Orion spacecraft in conjunc- 
tion with a European Service Module that would be based on the design of the Automated 
Transfer Vehicle (ATV) developed and built by Airbus Defence and Space on behalf of ESA 
to resupply the ISS. In 2014, the company signed a contract with ESA for the development 
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and construction of the SM that will provide propulsion, power supply, thermal control, and 
the central elements of the Orion life support system. This contract worth around €390 mil- 
lion was signed in Berlin, Germany, and it marked the first time that NASA committed major 
system critical elements for a U.S. human space project to a foreign entity. 

Once the system designs for the SM had been approved by the ESA in May 2014, the 
detailed definition phase began in parallel with the construction of the first hardware. 
Upon completion in November 2015, ESA approved the detailed design and initiated the 
qualification and production phases. 

Planned for late 2018, the first Orion mission in which Europe is involved (EM-1) con- 
sists of an unmanned flight beyond the Moon and a return to Earth. The aim of this mission 
is not only to demonstrate the spacecraft’s performance capabilities ahead of its human 
deployment, but also to achieve qualification for NASA’s new SLS. 


11.7 HABITAT MODULE 


The Habitat Module is one of those major elements necessary for a deep space mission to 
Mars that has not been designed and developed but can claim a good history in the ISS 
elements. The same is true of the Logistics Module. Therefore, many contractors are 
studying the concept and vying for a major contract award in the near future. On March 
30, 2015, NASA selected twelve Next Space Technologies for Exploration Partnerships 
(NextSTEP) in order to advance concept studies and technology development projects in 
the areas of advanced propulsion, habitation, and small satellites. NextSTEP is managed 
by the Advanced Exploration Systems Division (AES) in the Agency’s Human Exploration 
and Operations Mission Directorate. 

Habitation systems selections were intended to help to define the architecture and sub- 
systems of a modular habitation capability which would facilitate extended missions in 
deep space. These selections were intended to augment the Orion spacecraft with the 
development of capabilities to sustain a crew of four astronauts for up to 60 days in cislu- 
nar space, with the intention of scaling up to cross interplanetary space on Mars missions. 
The chosen projects were to address concepts and (in some cases) provide advancement in 
technologies related to habitation and operations, or environmental control and life sup- 
port capabilities of a habitation system. 

Seven NextSTEP habitat projects were to cover periods of up to 12 months with values 
in the range $400,000 to $1 million for the study and development efforts. The potential 
for follow-on phases would be defined during the initial phase. 

The selected companies were: 


e Bigelow Aerospace LLC of North Las Vegas, Nevada. 

e The Boeing Company of Pasadena, Texas. 

e Dynetics Inc., of Huntsville, Alabama. 

e Hamilton Sundstrand Space Systems International of Windsor Locks, Connecticut. 
e Lockheed Martin Space Systems Company of Denver, Colorado. 

e Orbital ATK of Dulles, Virginia. 

e Orbital Technologies Corporation of Madison, Wisconsin. 
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Due to the industry response to the initial NextSTEP Broad Agency Announcement 
(BAA) and the progress that the chosen partners achieved, NASA issued a second 
NextSTEP BAA in April 2016. This NextSTEP-2 BAA was an Omnibus solicitation meant 
to release appendices for specific topics as appropriate. 

The first appendix under NextSTEP-2, Appendix A, was issued on April 19, 2016, with 
its focus on developing deep space habitation concepts, engineering design and develop- 
ment, and risk reduction activities leading to a habitation capability in cislunar space. The 
objective was to identify habitation concepts to support extensive human missions within 
the “proving ground” of cislunar space as a preliminary to venturing farther out, while also 
encouraging the application of commercial habitation in low Earth orbit. 

NextSTEP-2 solicited proposals that included (but were not limited to) the following 
areas: 


e Studies to support mission architecture definition. 

e New approaches to rapidly develop prototype systems. 

e Demonstration of key capabilities. 

e Validating operational concepts for future human missions beyond low Earth orbit. 

e End-to-end design, development, test, and in-space evaluation of future flight 
systems. 


The duration of NextSTEP-2 contracts would vary depending on the complexity of the 
studies and/or the development effort. NASA anticipated phased approaches that might 
extend up to five years. 

On August 9, 2016, the Agency selected six U.S. companies to develop ground proto- 
types and concepts for deep space habitats: 


e Bigelow Aerospace of Las Vegas, Nevada. 

e Boeing of Pasadena, Texas. 

e Lockheed Martin of Denver, Colorado. 

e Orbital ATK of Dulles, Virginia. 

e Sierra Nevada Corporation’s Space Systems of Louisville, Colorado. 
e NanoRacks of Webster, Texas. 


They were to “on-ramp” with the existing NextSTEP contractors in this field and work 
toward the same objectives for developing and validating prototype habitats. 

In addition to issuing study contracts to aerospace companies, NASA and the National 
Space Grant Foundation have chosen student team proposals based on their potential con- 
tributions and enhancements to the Agency’s ongoing deep space habitation capability 
development. A total of $117,000 was given to eight teams for their concept development 
work, which was to be carried out during the 2015-2016 academic year. 


11.8 LOGISTICS MODULE 


The contractor to build the Logistics Module for an Mars Orbital Mission hasn’t been 
selected, but studies similar to those related to the Habitat Module will most likely lead to a 
competitive contract to design and manufacture this element. Those that have built modules 
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for the ISS are likely candidates. Thales Alenia Space in Italy has almost 20 years of experi- 
ence of fabricating logistics modules, initially for carriage on the Space Shuttle and later for 
permanent attachment to the ISS. Some of the work to adapt a module to become part of the 
station will be applicable to a module for deep space. A module for a mission to Mars must 
carry supplies that support a crew of four (perhaps six) for approximately two years. This 
will be very large and heavy, and will require a separate launch vehicle. 

The Japanese also have experience with the design and manufacture of modules for the 
ISS. The Japanese Experiment Module (called Kibo) is that nation’s first human space 
facility, and this gives them the design and manufacturing experience to develop a deep 
space module. Kibo comprises several components: two research facilities (the Pressurized 
Module with an Exposed Facility, plus a series of Logistics Modules); a Remote Manipulator 
System; and an Inter-Orbit Communication System unit. Kibo also has a scientific airlock 
through which experiments are transferred and exposed to the external environment of 
space. These capabilities would also be useful for a Mars mission. The pressurized module 
portion is about the size of a large tour bus and weighs 35,050 Ib (15,900 kg) empty. The 
logistics module is rather smaller, with a weight of 18,488 Ib (8,386 kg). 

While SpaceX, Orbital ATK, and Bigelow have built modules, these are much smaller 
than what will be required for the Logistics Module of a Mars mission. However, they have 
proven they possess the capability to design and manufacture whatever is required of them. 


11.9 SUPPORT CONTRACTORS 


11.9.1 Jacobs Engineering 


Jacobs has provided continuous support to NASA MSFC since 1989 as an engineering 
services contractor. In 2009, Jacobs Engineering Group Inc., received a $250 million ceil- 
ing increase to its original 2009 $542.5 million Engineering, Sciences and Technical 
Services (ESTS) contract. At the time, Jacobs was providing services for a broad range of 
engineering, technical, science, propulsion, program management, and business disci- 
plines, including support to major NASA programs such as the Space Shuttle, the ISS, and 
the Constellation Program. 

The Jacobs team that was supporting NASA MSFC under this contract included six 
major subcontractors: 


e All Points Logistics (Gainesville, Georgia). 

e Triumph Aerospace Systems Group (Norfolk, Virginia). 

e ERC, Inc. (Huntsville, Alabama). 

e Integrated Concepts Research Corporation (Alexandria, Virginia). 
e Qualis Corporation (Huntsville, Alabama). 

e Snyder Technical Services (Huntsville, Alabama). 


On July 24, 2012, Jacobs was awarded a contract to supply Engineering and Science 
Services and Skills Augmentation (ESSSA) to MSFC. The award included a base period 
of two years and three one year options. If all options were exercised this represented a 
potential maximum value of $600 million. By the terms of the contract, Jacobs was to 
provide the engineers, scientists and technicians necessary to support the Center’s 
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Engineering Directorate, Science and Technology Office, Flight Programs and Partnerships 
Office, as well as future programs, projects, and other similar offices. The Jacobs team for 
this contract included eight major subcontractors: Aerodyne Industries, LLC, All Points 
Logistics, Bevilacqua Research Corp., ERC Inc., Geocent, LLC, Lee and Associates LLC, 
Qualis Corporation, and Tuskegee University. 

On September 16, 2014, Jacobs was awarded a modification to extend the ESSSA con- 
tract at the MSFC for a one year option with a potential value of $120 million. This came into 
effect on September 27 and ran through October 2, 2015. Under the terms of the ESSSA 
contract Jacobs provided science, engineering, and technician support with a staff of over 
750 personnel. Major programs supported by Jacobs at MSFC included the SLS, ISS, James 
Webb Space Telescope, and numerous smaller space science and technology development 
work. On January 5, 2016 it was awarded a further extension to the ESSSA contract for one 
year to run through September 30, 2016 with the potential value of $127.8 million. 


11.9.2 Teledyne Brown Engineering 


Teledyne Brown Engineering (TBE) has been supporting NASA since its beginning. It 
was the first high technology firm established in Huntsville, Alabama, to assist Wernher 
von Braun and the Redstone launch vehicle team. The company came into being as 
Alabama Engineering and Tool on July 1, 1953, then became Brown Engineering in 1956. 
On being bought by Teledyne Inc., in 1967 it became Teledyne Brown Engineering. 
During the 1990s, Teledyne merged with Allegheny Ludlum and later became part of 
Teledyne Technologies Inc. 

TBE has supported essentially every major U.S. space initiative, beginning with Jupiter 
and extending through the Space Shuttle, ISS, and now the SLS programs. It also provided 
services and specialty hardware for ESA and the Russian and Japanese space programs. It 
is the primary contractor that supports NASA’s critical payload operations integration 
function, as well as its ongoing microgravity research and development efforts. 

Over the decades, TBE has had many NASA MSFC contracts for support. The follow- 
ing are those in support of the current Mars Exploration Program. 

In 2014, NASA chose TBE to design and build the Launch Vehicle/Stage Adapter 
(LVSA) that will be used to connect the 27.5 ft diameter core to the 16.4 ft diameter 
Interim Cryogenic Propulsion Stage of the SLS. Under a $60 million contract action, 
Teledyne Brown designed, developed, tested, evaluated, and certified the LVSA assembly. 
In addition it manufactured the structural test article and two flight units. This was a cost- 
reimbursement fixed-fee engineering solutions and prototyping contract. The award has a 
potential performance period of five years and includes an option for a third flight unit. 
TBE utilized the Advanced Welding Facility (see Sect. 4.7) when assembling the LVSA 
segments. As well as providing structural support for launch and separation loads, the 
LVSA must also protect the delicate electrical devices of the propulsion systems from the 
extreme conditions encountered during the launch environment. 

TBE is also providing support to NASA for the Launch Abort System (LAS). This 
includes conducting research and risk analysis on the propulsion system and the corre- 
sponding control analysis to determine the trajectory and ensure the stability of the vehi- 
cle, and undertaking the desired technical reviews and requirements assessments for the 
integrated system, subsystems, and components. 
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TBE supports the ISS with the Payload Operations Control Center at MSFC on a 
24/7 basis (see Sect. 7.5). This includes providing specialists in mission analysis, 
experiment planning, space sciences, human factors, schedule optimization, data com- 
munications, and hardware and software engineering, as well as program and technol- 
ogy management. 

As a payload integrator, TBE has been a vital participant in space missions for four 
decades. Their experience includes: configuration layout and assembly design, flight sup- 
port equipment hardware design, determining mass properties, command and data man- 
agement, environmental control, electrical power, structural and mechanical analysis, the 
materials verification process, and safety analysis. Since a Mars mission will likely involve 
many scientific experiments, it is also likely that TBE would be a prime candidate to sup- 
port the POIC) with similar functions as for the ISS. 


11.9.3 Oceaneering Space Systems 


With help from Oceaneering Space Systems, NASA is testing concepts for a new genera- 
tion of vehicles that build on lessons learned from the Apollo missions as well as the 
unmanned rovers on Mars. The Space Exploration Vehicle (SEV) concept is designed to 
be sufficiently flexible to deal with different destinations. The pressurized cabin must be 
able to be used both for in-space missions and for the surface exploration of solar system 
bodies, including our Moon, near-Earth objects, and Mars and its moons. 

The surface version of the SEV will have the cabin mounted on a chassis (which is 
referred to as a “chariot”), with wheels which can pivot 360° and drive at about 10 km/h 
in any direction. It will be about the size of a pickup truck (with 12 wheels) and have 
sleeping and sanitary facilities to house a crew of two for up to 14 days. The in-space vari- 
ant would install the same pressurized cabin on a flying platform and have the same oper- 
ating limit. The company took the lead right from the start of the SEV work, being 
responsible for design and manufacturing of mechanical and electrical systems, as well as 
electronics, energy storage, and controls (see Sect. 3.5). 

Oceaneering is a key member of the team responsible for the safe operation of NASA’s 
two principal astronaut and cosmonaut training facilities at JSC: the Neutral Buoyancy 
Laboratory (NBL) and the Space Vehicle Mockup Facility (SVMF). 


11.9.4 Raytheon Aerospace 


On August 21, 2015, the Johnson Space Center awarded to Raytheon a contract exten- 
sion with a potential value of $101.9 million to continue to supply operations, mainte- 
nance, and engineering services for a duration of up to four years to NASA’s Neutral 
Buoyancy Laboratory (NBL) and Space Vehicle Mockup Facility (SVMF). The NBL is 
the pool in which astronauts train to carry out spacewalks and evaluate scenarios and 
new equipment. The SVMF hosts full-scale mockups and simulators for the ISS, Orion, 
and commercial space modules. These facilities are crucial to safe human space flight. 
Raytheon supports the two facilities on a 24/7 basis, running real-time mission scenarios 
that help ISS astronauts to address space flight challenges. In addition to day-to-day 
operations and maintenance, the company enacts service life extension programs for the 
mockups. 
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The fully instrumented underwater environment is now being used by a range of com- 
mercial customers to assess new equipment and conduct safety training. It has also been 
used for testing and training on unmanned submersibles, underwater pipeline repairs, 
underwater escape from a helicopter, and deep water survival. Potential external custom- 
ers for this unique facility include the oil and gas industries, commercial space industries, 
and defense industries. 

In addition to supporting JSC, Raytheon also supports the Agency’s Goddard Space 
Flight Center with support of the Earth Observing Systems Data and Information System 
(EOSDIS) that ingests Earth science data, archives it, and makes it available to the scien- 
tific community on a global basis. Raytheon has approximately 61,000 employees world- 
wide and provides state-of-the-art electronics, mission systems integration, and other 
capabilities in the areas of command, control, communications and intelligence systems, 
as well as cybersecurity and a broad range of mission support services. The company has 
its headquarters in Waltham, Massachusetts. 


11.9.5 Ball Aerospace 


Ball Aerospace has supported NASA’s Gemini, Apollo, Skylab, Space Shuttle and Orion 
crewed space programs, as well as many of the unmanned science space programs. Ball 
was selected by prime contractor Lockheed Martin to provide Orion’s flight test cameras, 
phased array antennas, docking cameras, star trackers, and also the visual navigation sen- 
sors which support rendezvous and docking operations. 

The first avionics hardware completed for EFT-1 were three flight test cameras pro- 
vided by Ball. These were based on the docking camera that flew in 2011 on the STS-134 
mission as the Sensor Test for Orion Relative Navigation Risk Mitigation (STORRM) 
payload. The company has also delivered eleven phased array antennas (eight for flight) 
for Orion (see Sect. 3.2.5). Each phased array antenna contains over 5,000 individual 
parts, contained in a briefcase-sized housing. They are some of the most sophisticated 
subassemblies Ball ever manufactured. This antenna design leverages dozens of phased 
array designs delivered for space, airborne, ground, and marine applications. The antennas 
for Orion will be the primary means of voice, data and video communications for astro- 
nauts beyond low Earth orbit on deep space missions. 

Ball Aerospace has supported many NASA unmanned science missions, a few of which 
are summarized below: 


e Flying aboard NASA’s Mars Reconnaissance Orbiter (MRO), HiRISE is the largest 
telescopic instrument ever sent beyond Earth orbit. 

e Ball built seven science instruments for the Hubble Space Telescope, two star 
trackers, five major leave-behind equipment subsystems, and more than eight cus- 
tom tools to be used by astronauts during servicing missions. Each of the five sci- 
ence instruments now operating on the telescope was designed and built by the 
company. 

e Ball provided the Cryogenic Telescope Assembly (CTA) and two of the three sci- 
ence instruments for the Spitzer Space Telescope: namely the Infrared Spectrograph 
and the Multiband Imaging Photometer. The sensitivity of their detectors is up to 
1,000 times better than others flown on infrared missions. 
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e Ball built the Ralph instrument for the New Horizons spacecraft, in cooperation 
with the Southwest Research Institute (SwRI). Ralph included the Multispectral 
Visible Imaging Camera (MVIC) and the Linear Etalon Imaging Spectral Array 
(LEISA) supplied by the NASA Goddard Space Flight Center. 

e Ball was the mission prime contractor for the Kepler K2 mission. It built the space- 
craft and photometer, and was responsible for system integration, testing, and oper- 
ations in space. 


11.9.6 Honeywell Aerospace 


Honeywell is a subcontractor to Lockheed Martin for work on the Orion, and a subcon- 
tractor to Boeing and Aerojet Rocketdyne for work on the SLS. They also support many 
of the Agency’s unmanned deep space missions. They were part of every NASA manned 
space mission dating back to the Apollo and the Saturn programs. 

Honeywell Aerospace has designed and developed the command and data handling 
hardware, navigation systems, and core operating software for Orion. This includes hard- 
ware and software design and development, as well as production of the navigation avion- 
ics and the command and data handling system that provides the flight management 
computing infrastructure for the Orion spacecraft. It developed the Orion computers, the 
Orion Ethernet system, and the Orion Inertial Measurement Unit (OIMU) with a three- 
axis gyro system to accurately track spacecraft’s attitude and body rates (see Sect. 3.2). 

Orion design, development, and production work is being performed by employees at 
several sites, including Clearwater in Florida, Glendale in Arizona, Houston in Texas, 
Coon Rapids and Minneapolis in Minnesota, and Olathe in Kansas. 

Honeywell is also working with Aerojet Rocketdyne to develop the RS-25 engine con- 
troller for the first stage of the SLS as well as the Redundant Inertial Navigation Unit and 
Rate Gyro Assembly navigation systems for the SLS vehicle (see Sect. 4.10). 


11.9.7 United Technologies Corporation/Hamilton Sundstrand 


United Technologies Aerospace Systems was established by United Technologies 
Corporation in August 2012 by combining Goodrich Corporation and Hamilton 
Sundstrand. UTC Aerospace Systems has its headquarters in Charlotte, North Carolina, 
and UTC Hamilton Sundstrand is in Windsor Locks, Connecticut. 

UTC Hamilton Sundstrand has been a prime contractor to NASA for astronaut space- 
suits since 1981. It provides a variety of systems for the ISS, including those that control 
electrical power and process water, waste, and air. It was the prime contractor for the 
Primary Life Support System (PLSS) of the Extravehicular Mobility Unit (EMU) space- 
suit for the Space Shuttle and the ISS. 

Many of the Hamilton Sundstrand NASA contracts were of the cost-plus-award-fee 
type and supported the EVA Office at JSC in Houston. The work was performed at JSC 
and at the various worksites of the company and its subcontractors. Some of their work 
included tools and crew aids, problem analysis and resolution, and real-time mission sup- 
port. Their work also included flight processing and outfitting of EVA flight hardware, and 
processing and outfitting of EVA training hardware. 
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In 2008, NASA awarded a sole-source contract to Hamilton Sundstrand for water pro- 
duction services aboard the ISS. This firm fixed-price contract had a potential value of $65 
million and extended through September 30, 2014. The company created equipment which 
made use of the station’s excess carbon dioxide and hydrogen to produce water and meth- 
ane. The methane was vented to space and the water was fed into the waste water system. 
In 2010, the Agency awarded another contract to Hamilton Sundstrand Space Systems 
International of Houston for support of the spacesuits used on the Space Shuttle and 
ISS. This Extravehicular Space Operations contract was worth up to $728.9 million. Under 
the contract, Hamilton Sundstrand and its subcontractors performed engineering manage- 
ment for hardware used on spacewalks, supported enhancements, ensured flight and 
spacewalk readiness, provided safety and mission assurance, met milestones in-flight, and 
achieved mission goals. The contract has since been extended into the current time frame. 

Technologies under consideration for application to missions into deep space include 
pressure suits and a PLSS with Pressure Swing Adsorption (PSA). This is a process by 
which CO, can be separated from gas more efficiently with a repeatable process than by 
using the current use-once LiOH canisters that become saturated and are limited to about 
eight hours. By regenerating the sorbent during EVA, the size and weight of the sorbent 
canister can be greatly reduced. The PSA accomplishes this by venting CO, and water 
vapor into space (see Sect. 4.3). Such systems will be essential on deep space missions that 
cannot be resupplied from Earth. 
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Deimos and Phobos 


A.1.1 History 


Asaph Hall’s discovery of Mars’s moons is well documented, but a few observations taken 
from William Sheehan’s The Planet Mars: A History of Observation and Discovery, pub- 
lished in 1996, and other sources are in order. Asaph and his wife, Chloe Angeline Stickney, 
left the Harvard College Observatory for the U.S. Naval Observatory in Washington, DC 
in 1863. He was 34 years old. He was placed in charge of the great 26 in (66 cm) refracting 
telescope, which was then the largest instrument of its type in the world. Happening across 
a lot of photographs of Mars in a drawer in 1875, he suspected that the photographer was 
searching for satellites. It was about this time that Hall questioned the work of other 
astronomers, including William Herschel in England and H. L. D’ Arrest of Copenhagen, 
that Mars had no moons. 

Hall began his own search for moons in August 1877 but the glare from the planet made 
this difficult. He almost gave up, but Angeline encouraged him to continue. Early on 
August 11, Hall found a faint star near Mars but the incoming fog prevented further obser- 
vations. The following nights weren’t good for observations, but on August 16 he again 
found the object near Mars and realized it was a moon. The next night he discovered 
another one, orbiting even closer in to the planet. His assistant George Anderson verified 
the observation. On the night of August 18, Hall invited others to join him in observing the 
two moons. Later that month, others got into the act and made observations with some 
people even claiming they had discovered them. 

There were several suggested names for the two moons, but Hall opted for the sugges- 
tion of Henry G. Madan, a science master at Eton College in England. Madan proposed 
Deimus (later Deimos) and Phobus (later Phobos) as in the Fifteenth Book of Homers’ 
Iliad. They were twin sons of Ares, the God of War in Greek mythology, and their names 
translated as Panic and Fear respectively. 

The discovery that Mars possessed moons made a lasting impression on Giovanni 
Virginio Schiaparelli in Italy, who went on to make remarkable observations that made 
him the leading expert on the planet for the next two decades. 
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Fig. A.1.1 Professor Asaph Hall at age 70 in 1899, 22 years after his discovery of the moons 
of Mars. (Photo courtesy of U.S. Navy) 


A.1.2 Origin Theories 


There are basically three theories on the origin of the Martian moons, as follows: 


They may be captured asteroids because they seem to be similar to carbonaceous 
C-type asteroids from the main asteroid belt (between Mars and Jupiter) or a D-type 
(carbon but with more silicates) from the outer asteroid belt. However, the Martian 
moons have very circular orbits which lie nearly in the plane of the planet’s equator, 
which requires there to have been some mechanism at work to impose that align- 
ment; perhaps a combination of atmospheric drag (when Mars had a larger atmo- 
sphere) and gravitational tidal forces. It would have taken a considerable time to 
dissipate that much energy though. The high porosity of the interior of Phobos is 
inconsistent with an asteroidal origin. 
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Fig. A.1.2 The 26 in (66 cm) diameter refractor that was used by Asaph Hall. It was made in 
1870 by Alvan Clark and his son Alvan Graham Clark of Massachusetts, who could expertly 
grind lenses of the same quality as the best European telescope-makers. It is still used today 
to observe double stars and planetary satellites. (Photo courtesy of the U.S. Naval Observatory 
in Washington, DC) 


e They may have coalesced in orbit around Mars after the planet itself had formed, 
from material left over from the primordial cloud. 

e They may have coalesced from material ejected into orbit around Mars by a colli- 
sion with a large planetesimal (in the same manner as has been proposed for how 
our own Moon was formed). Thermal infrared data suggests a composition contain- 
ing mainly phyllosilicates, which are common on the surface of the planet. This is 
the prevailing theory (see the Frontispiece). 
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Fig. A.1.3 A C-type meteorite from Chihuahua, Mexico. Is Phobos made of this?. 
(Photo courtesy of Flickr/Jon Taylor) 


_ 


Fig. A.1.4 The D-type Tagish Lake meteorite. Is Phobos made of this?. (Photo courtesy of 
NASA/JSC/Mike Zolensky) 


A.1.3 The View From Mars 


If you were standing on Mars near its equator, the fully illuminated Phobos would appear 
about one-third the size of our Moon. The farther away from the equator, the smaller it 
would look and it cannot be seen from the polar regions. Deimos would look like a dull 
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damaged ping pong ball. Since the moons are small, there cannot be a total solar eclipse, 
only an annular one; more like a bright donut. Lunar eclipses would be common, occur- 
ring almost every night. However, lovers on Mars would never be able to enjoy moonlight 
as they can on Earth. 

Since Phobos is closer to Mars than Deimos, it orbits in 7.66 h. Its apparent motion 
from Mars has it rising in the west, setting in the east, and rising again in just 11 h. Deimos 
is much farther out and orbits once in 30.35 h. It rises in the east and sets in the west 2.7 
days later as it falls behind the rotation of the planet. 


Fig. A.1.5 The apparent sizes of the Martian moons Deimos and Phobos in the sky from the 
point of view of an observer on the surface of the planet, and how we see our own Moon. 
The actual diameter of Deimos is 7.5 miles (12 km), that of Phobos is 14 miles (22 km), and 
that of the Moon is 2160 miles (3476 km). The Martian moons seem relatively large because 
they orbit much closer to their planet. The moons of Mars were imaged by the Curiosity rover 
on August 1, 2013. (Photo courtesy of NASA) 


A.1.4 Missions to the Moons 


In 1998 the Soviet Union launched a pair of spacecraft specifically to investigate Phobos. 
One was lost on the way to Mars due to a commanding error, but the other successfully 
entered orbit around the planet. The intention was to rendezvous with Phobos and then 
deploy a small lander to investigate the surface, but contact was lost with Fobos 2 during 
the final maneuvers prior to releasing the package. 
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The Russian Fobos-Grunt mission in 2011 failed, evidently from a programming error 
which led to a simultaneous reboot of two working channels of an onboard computer. The 
upper stage of the launch vehicle failed to fire, stranding the spacecraft in Earth orbit. It 
eventually fell into the Pacific Ocean. Roscosmos is planning the Fobos-Grunt 2 mission 
for around 2026. 

There was an interesting study by Caltech students in 2013 that proposed a precursor 
human mission to one of Mars’s moons by 2033. This paper entitled “Technology 
Advancing Phobos Exploration and Return (TAPER-1)” proposed the first crewed mission 
into the Martian system. It considered an opposition versus conjunction class mission to 
Phobos carrying four astronauts with a launch date in April 2033, a nominal flight time of 
456 days and the goal was to obtain a sample. The study was carried out by 32 students 
over a 5 day period. 

In March 2015 there was an Aerospace Conference called “Human and Robotic Exploration 
Missions to Phobos Prior to Crewed Mars Surface Missions.” This was hosted by JSC and 
JPL engineers and their contractors, and it developed, analyzed, and compared mission archi- 
tectures for human exploration of Mars’s moons within the context of an Evolvable Mars 
Campaign. All of the trade-offs assumed conjunction class missions to Phobos with about 
500 days in the Mars system, plus the interplanetary travel times. They did not study shorter 
and safer opposition class missions of the kind proposed in this book. They concluded that, 
“Human exploration of Phobos offers a scientifically meaningful first step towards a human 
Mars surface mission that develops and validates transportation, habitation and exploration 
systems and operations in advance of the Mars landing systems.” 

Go to http://ieeexplore.ieee.org/abstract/document/7 119287 for a review of their report. 

Later in June of that year, the Low Cost Planetary Missions Conference was held in 
Berlin, Germany. It was attended by planetary scientists from several U.S. universities, as 
well as from the Johannes Guttenburg University in Mainz, Germany. The report was 
entitled “Mars-Moons Exploration, Reconnaissance and Landed Investigation (MERLIN).” 
It described a mission that would explore the Martian moons and undertake the first landed 
measurement on the surface of Phobos. The orbital phase would begin with 9 months of 
reconnaissance of both moons in order to characterize their geologies, select a landing site 
on Phobos, and investigate the Martian dust belts. Radiation would be measured through- 
out the mission. The payload would make great use of past investments in sensors, particu- 
larly rebuilding backup sensors from previous missions or if they were still state-of-the-art, 
simply duplicating them. The planned science was based upon NASA’s Strategic Goals 
and Objectives, Science Plan and Decadal Survey. The value of such a mission prior to the 
first human mission to the Martian environment would definitely enhance the probability 
of success of that mission, not only from the science perspective but from flight operations 
and crew safety points of view. Unfortunately, when MERLIN was proposed for the 2017 
round of NASA Discovery missions it was not funded. 

Go to http://ieeexplore.ieee.org/document/7500754/?arnumber=7500754 for the proposal. 
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Robotic Mars Missions 


A.2.1 Highlights of Selected Past Missions 


There have been many missions to Mars since 1960; some have failed at launch, in orbit, 
or on the surface. Below are summaries, courtesy of JPL, of many of those missions, some 
of which were successful firsts. Links are provided for more detailed information. While 
another section could be added about the failed missions called “lowlights of past mis- 
sions” only those that are considered relatively successful are included. For information 
on all the many missions to that planet over the decades, go to Wikipedia and enter “List 
of Mars Missions.” It is astonishing to note that a robotic mission to Mars can fail simply 
because of a single character being missed in a computer upload. Certainly, a human 
mission provides the opportunity to save a mission from many malfunctions. 


Mariner 4: The first flyby of Mars 


When this spacecraft made the first ever flyby of Mars on July 15, 1965, it revealed the 
planet to have a heavily cratered surface that resembled our own Moon. 


Mariner 9: The first to orbit another planet 


Mariner 9 achieved orbit around Mars on November 14, 1971. It observed a great dust 
storm that obscured the entire planet. After the dust had abated, the spacecraft mapped 
85% of the surface which, in addition to cratered terrain, was revealed to possess dried up 
river valleys, enormous volcanoes, canyon networks, and broad level plains. The Valles 
Marineris was named after the spacecraft. It also took the first close up pictures of Phobos 
and Deimos. 
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Fig. A.2.1 Mariner 9. (Photo courtesy of NASA) 


Go to http://jpl.nasa.gov/news/fact_sheet/mariner.pdf for further information. 


Mars 3: The first soft landing on Mars 


Mars 3 parachuted down onto Mars on December 2, 1971. Its sister ship Mars 2 had crashed 
the previous week. Mars 3 sent data from the surface for 14.5 s, then fell silent, perhaps as 
a consequence of the massive dust storm that was covering the planet at the time. 


Fig. A.2.2 The Mars 3 lander model at the Memorial Museum of Cosmonautics in Russia. 
(Photo courtesy of NASA) 
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Viking 1 and 2 


These spacecraft entered orbit around Mars in June and August 1976. Each was an orbiter 
with a lander. Between them the orbiters mapped 97% of the surface. The Viking 1 lander 
set down on July 20 and Viking 2 on September 3. The mission identified water vapor in 
the atmosphere and water ice near the edge of the north polar cap. It also discovered nitro- 
gen, argon, and other trace gases in the atmosphere and measured the variations in 
the pressure due to the condensation and sublimation of carbon dioxide over the year. 
The landers carried instruments designed to detect the presence of microbial life in soil 
samples but didn’t find any organic molecules. 


Fig. A.2.3 An artist’s view of Viking lander separating from its orbiter. (Photo courtesy of 
NASA/Don Davis) 


Go to http://jpl.nasa.gov/news/fact_sheet/viking.pdf for further information. 
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Mars Global Surveyor 


On September 12, 1997 MGS entered a highly elliptical orbit around Mars and then 
employed the aerobraking technique to gradually achieve the desired circular orbit from 
which it was able to chart the surface using a variety of modern sensors, including a laser 
altimeter. The mission officially ended in 2007. It examined the nature of magnetic fields, 
geological processes, and a number of candidate landing sites for later landers such as 
Phoenix and Curiosity. It could also store and relay data to Earth from a lander. 


Fig. A.2.4 An artist’s rendering of Mars Global Surveyor. (Photo courtesy of NASA/JPL/ 
Corby Waste) 


Go to http://jpl.nasa.gov/news/fact_sheet/mgs.pdf for further information. 
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Mars Pathfinder/Sojourner: The first rover outside the Earth-Moon system. 


Mars Pathfinder/Sojourner was launched 1 month after MGS. It made a direct entry into 
the atmosphere, landed on July 4, 1997 with airbags to soften the impact and roll clear 
of obstacles, and deployed the Sojourner rover to investigate its immediate surround- 
ings. This was a proof of concept for a generation of “faster, better and cheaper” 
missions. The total expenditure for the mission was $280 million, including develop- 
ment, launch, and operations. The mission ended when contact with the lander was lost 
on September 27, 1997. 


Fig. A.2.5 Pathfinder/Sojourner being folded up. Notice the rover mounted on one of the petals. 
(Photo courtesy of NASA/JPL) 


Go to http://jpl.nasa.gov/news/fact_sheet/mpf.pdf for further information. 


Mars Phoenix Lander 


This mission was led by the University of Arizona as part of the Mars Scout Program. 
Its name reflected the fact that its immediate predecessor, Mars Polar Lander, was lost 
attempting to land in 1999. It used components intended for a spacecraft which was origi- 
nally built for a canceled 2001 Mars lander, but the design was revised to eliminate the 
conditions that could have caused MPL to fail. Phoenix landed on May 25, 2008, near the 
permanent north polar ice cap. It used a 7.7 ft. (2.35 m) long robotic arm to dig into the top 
layer of soil to expose water ice, which was observed sublimating into the atmosphere. 
A soil samples was excavated and transferred into an instrument that analyzed it for 


Fig. A.2.7 An artist’s rendering of the Phoenix Lander. (Photo courtesy of NASA/JPL/Corby 
Waste) 
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volatiles. The results showed the soil to be moderately alkaline, with a modest salinity — 
conditions which were benign from the standpoint of biology. But the presence of highly 
oxidizing perchlorates would tend to decompose organic molecules. 

Go to http://jpl.nasa.gov/news/fact_sheet/mars-phoenix.pdf for further information. 


Mars Orbiter Mission: India’s first interplanetary mission 


The MOM mission developed by the Indian Space Research Organization was launched 
using an indigenous rocket on November 5, 2013, with the objective of demonstrating 
that this nation had the ability to design, plan, manage and operate an interplanetary 
mission. The MOM spacecraft, called Mangalyaan (““Mars-craft” in Sanskrit) entered 
orbit on September 24, 2014, making India the first nation to achieve this feat on its 
first attempt. 

The science payload developed by India to investigate the planet comprised a 
photometer, a methane sensor, a composition analyzer, a spectrometer, and a color camera. 
There were many opportunities to study Phobos before the mission ended in late 2015. 


Fig. A.2.8 The MOM spacecraft and its launch shroud. (Photo courtesy of Indian Space 
Research Organization, ISRO) 
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Fig. A.2.9 Phobos as seen by MOM in Mars orbit. It looks like a black marble viewed from 
a distance. (Photo courtesy of ISRO) 


Go to http://www.isro.gov.in/spacecraft/mars-orbiter-mission-spacecraft for further 
information. 


A.2.2 Current Mars Missions 


Mars Odyssey 


This spacecraft entered an elliptical orbit around Mars on October 24, 2001, and then 
employed aerobraking to set up a circular science orbit. It carried three experiments to 
study and map the surface, as well as to measure the radiation environment. Like MGS, it 
is able to store and relay data to Earth from a lander. It is expected to be operational well 
into the 2020s. 

Go to http://mars.jpl.nasa.gov/odyssey or http://jpl.nasa.gov/news/fact_sheet/odyssey0302. 
pdf for further information. 


Mars Express/Beagle 2: ESA’s first orbital mission 


This orbiter/lander mission was developed by ESA with participation by a dozen coun- 
tries, and launched by a Russian rocket. The orbiter successfully entered orbit around 
Mars on December 25, 2003 with seven instruments. It is still providing data. 

Go to http://www.esa.int/Our_Activities/Space_Science/Mars_Express for full infor- 
mation about the mission. 

The Beagle 2 lander was released shortly before the main spacecraft entered orbit and 
made its landing attempt on December 25, 2003. No data was received, but high resolu- 
tion imagery obtained by Mars Reconnaissance Orbiter in 2015 revealed the lander on the 
surface in a partly deployed configuration. It was concluded that the failure of the solar 
panels to fully deploy had blocked the transmission antenna. The instruments had been 
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Fig. A.2.10 An artist’s rendering of the Mars Odyssey spacecraft. (Photo courtesy of NASA/ 
JPL) 


Fig. A.2.11 An artist’s rendering of the Mars Express orbiter. (Photo courtesy of NASA/JPL/ 
Corby Waste) 
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Fig. A.2.12 A model of Beagle 2 at the London Science Museum in the intended deployed 
configuration. (Photo courtesy of ESA) 


designed to seek evidence of life within the soil, for which purpose a small sample 
retrieval tool named Planetary Undersurface Tool or PLUTO (nicknamed the “mole”) 
would have been deployed by the robotic arm. It had the capability to burrow to a depth of 
4.9 ft. (1.5 m) beneath a rock in what was expected to be a fairly benign environment on 
the otherwise harsh surface. 

Go to http://www2?2.le.ac.uk/departments/physics/research/src/Missions/beagle2/down- 
loads to view a number of reports of the mission. 


Mars Exploration Rovers — Spirit and Opportunity 


For the Mars Exploration Mission of 2003 JPL designed two rovers. They were named by 
9 year old Sofi Collis in an essay competition as Sprit and Opportunity. In a “follow the 
water” strategy in investigating whether conditions on Mars were now, or were once, hos- 
pitable to the existence of life, their purpose was to seek geological clues indicating that 
parts of Mars were once able to support life. Spirit landed on January 4, 2004 in the large 
crater Gusev, which orbital studies had suggested once held a lake. Although designed for 
a nominal mission of 90 days the vehicle was able to operate through to 2010. Opportunity 
set down on Meridiani Planum 3 weeks after its partner. It was still operating at the time 
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of writing in early 2017. These two equatorial sites were very different. The flat floor of 
Gusev proved to be of volcanic origin, but there was evidence of ancient water activity on 
the flanks of some of the hills. The vast open plain at Meridiani had an abundance of evi- 
dence for ancient water, some of it rising through the ground and in other cases running 
across the surface. The MER vehicles used design elements carried over from previous 
rovers such as the six wheels and a rocker-bogie suspension for driving over rough terrain. 
Each was 5.2 ft. (1.6 m) long and 4.9 ft. (1.5 m) tall, and weighed 384 Ib. (174 kg). Their 
all-up weight including backshell, heatshield, parachute, instruments, and propellant was 
2343 Ib. (1063 kg). 


Fig. A.2.13 An artist’s rendering of a Mars Exploration Rover. (Photo courtesy of NASA/ 
JPL) 


Go to http://www. jpl.nasa.gov/news/fact_sheets/marsO3rovers.pdf for further information. 


Mars Reconnaissance Orbiter 


This multipurpose spacecraft entered orbit around Mars on March 10, 2006. It included a 
very powerful telescopic camera and five other science instruments, and has transmitted 
copious data on the state of the surface and the atmosphere for over a decade. It provided 
scientists with better knowledge of the distribution and history of water on Mars; whether 
frozen, liquid, or vapor. It also expanded the number of orbiters capable of storing and 
relaying data to Earth from a lander. 

For more information go to http://jpl.nasa.gov/news/fact_sheet/MRO/pdf and to 
YouTube and type in “Magnificent Mars: 10 years of Mars Reconnaissance Rover” for a 
2-min video. 
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Fig. A.2.14 An artist’s concept of Mars Reconnaissance Orbiter. (Photo courtesy of NASA/ 
JPL/Corby Waste) 


Mars Science Laboratory/Curiosity 


The 1 ton Mars Science Laboratory named Curiosity was landed on Mars using a “sky 
crane” on August 6, 2012, with remarkable accuracy; it was only 1.5 miles (2.4 km) off 
target. Continuing the “follow the water” strategy, it was to seek further evidence of a past 
environment which was well suited to microbial life. It landed in Gale crater, where orbital 
imagery suggested water had once coursed vigorously across the surface. It was an inter- 
national project in the sense that some instruments were provided by Russia, Spain, and 
Canada, in addition to those from NASA/JPL. The rover is still operating, ascending the 
flanks of the 18,000 ft. (5500 m) mountain that lies in the center of Gusev crater. 

Go to http://www.jpl.nasa.gov/news/fact_sheets/mars-science-laboratory.pdf for fur- 
ther information. 


MAVEN 


The Mars Atmosphere and Volatile Evolution (MAVEN) mission entered an elliptical orbit 
of Mars on September 21, 2014 on a mission to investigate the upper atmosphere, iono- 
sphere, and interactions with sunlight and the solar wind, in particular to explore the loss 
of volatiles such as CO, N>, and H,O into space and thereby better understand the history 
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Fig. A.2.15 Self-portrait mosaic of Curiosity taken in Gale Crater on October 6, 2015. (Photo 
courtesy of NASA/JPL) 


of Mars’s atmosphere and climate, liquid water, and planetary habitability. The spacecraft 
“dipped” into the atmosphere to altitudes as low as 18 miles (29 km) to gather data. By the 
summer of 2016, the results showed that the solar wind has been stripping away the atmo- 
sphere since the shielding provided by the global magnetic field was lost when the dynamo 
in the planet’s core cooled. 
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Fig. A.2.16 An artist’s rendering of MAVEN in Mars orbit. (Photo courtesy of Lockheed 
Martin) 


The spacecraft was built by Lockheed Martin based on designs elements of MRO and 
Mars Odyssey. Like its partners, it can act as a radio relay for other vehicles. It is still 
operating. 

Go to http://mars.nasa.gov/files/resources/maven_faq.pdf or http://lasp.colorado.edu/ 
maven for further information. 


ExoMars 


ExoMars is a joint ESA/Roscosmos program covering the 2016-2020 period It comprises 
two missions, the first sending the Trace Gas Orbiter and the Schiaparelli entry, descent 
and landing demonstrator, and the second a rover with a drill to extract samples from 6 ft. 
(2 m) beneath the Martian surface. 

The main objectives of the TGO’s four science instruments was to seek evidence of 
methane and other trace atmospheric gases that could be signatures of active processes 
(either biological or geological) and to test key technologies in preparation for future 
European missions to Mars. Roscosmos supplied the launch vehicle and some of the sci- 
entific instruments. 

Schiaparelli was to test proprietary ESA technologies for making entry, descent and 
landing on Mars by future ESA landers and rovers. These included special thermal shield- 
ing for entry, a parachute system, a Doppler radar altimeter, and a liquid propulsion brak- 
ing system in the final phase. It was to communicate with TGO during the descent and 
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Fig. A.2.17 An artist’s rendering of the Trace Gas Orbiter and Schiaparelli entry vehicle. 
(Photo courtesy of ESA/ATG medialab) 


then employ Mars Express as a relay during the few sols that its battery would power a 
suite of sensors that measured the speed and direction of winds, humidity, pressure, sur- 
face temperature, transparency of the atmosphere, and atmospheric electrification. 
However, during the descent on October 19, 2016, Schiaparelli ceased transmitting 50 s 
prior to the scheduled time of landing. 

Analysis of the telemetry revealed that the inertial measurement unit that measured 
rotations became saturated (unable to take higher readings) for about 1 s. This saturation 
caused an altitude reading with a negative sign (i.e. beneath ground level) and this resulted 
in the parachute and back shell being prematurely released. The braking thrusters then 
fired very briefly and the vehicle activated its ground systems, believing it had landed. In 
reality it was still at an altitude of 2.3 miles (3.7 km). The impact with the ground was at 
340 mph (540 km/h), close to terminal velocity. 

The heavy ExoMars rover is currently planned for launch in 2020 and it is to seek evi- 
dence of past or present life. 

Go to http://exploration.esa.int/mars/46048-programme-overview for further information. 
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A.2.3 Future Missions 


InSight Mars Lander 


The InSight mission of the NASA Discovery Program was scheduled for launch in 2016, but 
in December 2015 the Agency suspended preparations owing to a vacuum leak in the main 
science instrument, the Seismic Experiment for Interior Structure. The new launch date is 
May 5, 2018, and the landing on Mars is scheduled for November 26 of that year. The name 
derives from the scientific investigations of Interior Exploration using Seismic Investigations, 
Geodesy and Heat Transport. The SEIS instrument will measure ground movements as small 
as half the radius of a hydrogen atom, therefore a perfect vacuum seal is required around its 
three main sensors in order to withstand harsh conditions on the Red Planet. Under what is 
known as the mission “replan,” JPL will be responsible for redesigning, developing, and 
qualifying the instrument’s evacuated container and the electrical feedthroughs which failed 
previously. The Centre National d’Etudes Spatiales (CNES, the French space agency) will 
focus on delivering the key sensors for SEIS, integrating them into the container, and then 
the integrating the instrument into the spacecraft. The German Aerospace Center (DLR) has 
contributed the Heat Flow and Physical Properties Package (HP3). The mission is to spend 
one local year (two Earth years) investigating the deep interior of Mars. 

The project is managed by JPL for the NASA Science Mission Directorate in Washington 
DC. Lockheed Martin Space Systems of Denver developed the spacecraft using technolo- 
gies proven by the Mars Phoenix mission. The NASA budget for the project was $675 
million, but the instrument redesign and 2 year delay added $153.8 million. 


NASA’s Mars 2020 Rover 


The Mars 2020 Rover mission is to be based on the design of the very successful Mars 
Science Laboratory, Curiosity. It will essentially use a similar vehicle but will carry more 
sophisticated upgraded hardware, and new instruments to conduct geological assessments 
of the landing site, determine the potential habitability of the environment, and directly 
search for signs of ancient Martian life. The rover will collect rock and soil samples and 
store them for potential return to Earth by a future mission. 

It is planned to launch in the autumn of 2020 and land on Mars in early 2021. It is 
intended to complete the primary mission in one Martian year, then continue to operate for 
at least as long as Curiosity. 

Go to http://mars.nasa.gov/mars2020/mission/overview for additional information, and 
also to http://mars.nasa.gov/mars/multimedia/videos/?v=133 for a video. 


Chinese Rover 


In August 2016, China announced its intention to launch a mission with an orbiter, a lander 
and a rover to Mars in 2020. The landing will employ a gas bag, a parachute, and decelera- 
tion engines. A prototype of the rover displayed in 2014 was about 6 ft. (2 m) long, solar 
powered, and had six wheels. 
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Fig. A.2.18 An artist’s rendering of the InSight Mars Lander with its seismometer/heat 
probe. (Photo courtesy of NASA/JPL-Caltech) 


Mars Icebreaker Life Mission 


The results from the 2008 Phoenix mission indicated that the ice-cemented ground of the 
north polar plains is probably the most recently habitable place that is currently known on 
Mars. The NASA Ames Research Center is developing a mission to land in this area with an 
astrobiology package that includes a drill to conduct a search for subsurface organic mole- 
cules and evidence of current or past life, hence the name of the Icebreaker Life Mission. 
The lander is to use the same platform as its Phoenix predecessor and be solar powered. 
The platform will be able to carry the drill and other updated apparatus with only minor 
alterations. The science focuses on the organics, biomolecules, salts, and minerals within 
the ice-cemented ground. Since only organic biomolecules carry biochemical information, 
their discovery will be conclusive evidence of habitability and life on the planet. It will 
also provide information about the biological nature of those organisms, even if they 
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Mars 2020 Rover 
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Fig. A.2.19 An illustration of the scientific experiments for NASA’s Mars 2020 Rover. (Photo 
courtesy of NASA/JPL-Caltech) 


core sample 


sample tube 


Fig. A.2.20 Design concept for a returnable cache with 31 samples. (Photo courtesy of 
NASA/JPL) 


themselves are no longer present. One of the most appealing aspects of studying ground 
ice is its potential to contain organic biomarkers, biomolecules, or biosignatures that may 
be preserved and protected from ultraviolet, ionizing radiation, and oxidants. 
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Fig. A.2.21 An artist’s rendering of China’s 2020 rover. (Photo courtesy of China Daily/via 
Reuters/CSAST) 


If the Icebreaker Life Mission is funded by the Discovery Program, it will launch no 
later than December 2021 and arrive in the northern plains in 2022 during the local 
summer. The mission is planned to last 90 sols, but it will be able to complete 90% of its 
science objectives by sol 40. 

Tests on the intended drill have been underway for several years, including in 2013 at 
a Mars analog site in Antarctica for similar Mars climatic conditions and in 2015 at Rio 
Tinto in Spain for an extreme, organic-depleted subsurface where a computerized 35 in 
(89 cm) drill obtained samples from the barren acidic hardened soil and a robotic arm 
created at Ames transferred the samples to a “Signs of Life Detector” mounted on a full-scale 
mock-up of a Mars lander’s deck platform. The Principal Investigator is Dr. Christopher 
McKay of the Ames Research Center. 


Phobos and Mars Sample Return Missions 


There are tentative plans to develop robotic sample return missions for both Phobos and 
Mars within the next 10 years. A joint ESA and Roscosmos program involves launching 
a Phobos mission in the 2024-2026 time frame in order to return approximately 100 
grams to Earth. The next step would be a Mars Sample Return mission. Although techno- 
logically challenging, the returning of samples to Earth will enable key scientific ques- 
tions related to habitability and life to be answered which cannot be addressed by purely 
in situ missions. 

A Mars Sample Return will represent a milestone in the exploration of the solar system, 
and in particular the study of Mars and the issue of its potential habitability. Some important 
factors that will influence the design and development of such a mission are: landing site, 
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Fig. A.2.22 An artist’s impression of the ascent stage of an ESA Mars Sample Return Mission 
lifting off from the planet. (Photo courtesy of ESA/AOES/Medialab) 


sample size, sample collection process, and sample protection. Several new technologies 
will be required: a landing system, the ascent vehicle, the rendezvous system in Mars orbit, 
and the Earth reentry vehicle. 

Of course, a human mission to the Martian moons as a precursor to a mission to land 
on the planet could collect far more than 100 grams of material and probably also conduct 
preliminary analyses using facilities in the Habitat module and, if appropriate, make follow up 
investigations. 
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Mars Analogs 


A.3.1 Overview 


NASA is associated with at least 15 analog missions around the world in which participants 
are put into a situation on Earth that produces effects similar to those experienced in space, 
both physical and mental. Analog missions prepare us for near-future exploration to aster- 
oids, Mars, and the Moon. They play a significant role in the problem solving for space 
flight research led by JSC’s Flight Analogs Project (FAP) within the Human Research 
Program. Much of the following information came from thousands of pages of research 
information that can be found on various NASA websites. This appendix can only hope to 
summarize years of research into this subject. 

Not all experiments can be done in space, as just there is not enough time, money, 
equipment, and manpower. Countermeasures can be tested in terrestrial analogs before 
trying them in space. Analog studies can be carried out more quickly and less expensively. 
Those that do not work in analogs won’t be flown in space. 

One goal of analog missions is to look for possible countermeasures to the hazards 
of life in space. While Chap. 5 discussed many of the risks, the FAP has identified five 
categories that relate to the stresses that they place upon a crew, namely: 


e Gravity Fields. There are three gravity fields you would experience on a Mars mis- 
sion. Firstly there is the weightlessness when in orbit around a planet and traveling 
between planets. Then there is one-third of Earth’s gravity on Mars. Finally, there is 
the normal gravity upon returning to Earth. One should also consider the infinitesimal 
gravity of a body as small as Deimos and Phobos, since this will influence the activi- 
ties of the SEV and an EVA astronaut. The possible hazards are motion sickness, 
impairment of spatial orientation, head-eye and hand-eye coordination, sense of bal- 
ance, and locomotion. In addition, there is a loss of minerals from bones, atrophying 
of muscles which results in loss of strength and endurance, the cardiovascular system 
is deconditioned, one is apt to develop kidney stones owing to dehydration, and fluids 
shifts could put pressure on the eyes to produce vision problems. 
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e Isolation/Confinement. Behavioral issues among groups of people who inhabit a 
small facility over a prolonged period are inevitable, regardless of how well trained 
they are. The hazards include a decline in mood, cognition, morale, and interper- 
sonal relations. There can also be sleep disorder, depression, fatigue, and boredom. 
In short, the greater the confinement and isolation, the more likely people are to 
develop some behavioral or cognitive conditions. 

e Hostile/Closed Environments. The ecosystem within the spacecraft plays a major 
role in the everyday life of the crew. Microbes are able to change their characteris- 
tics in space, and microorganisms which naturally live on the human body are 
transferred more easily from person to person in closed habitats like the ISS. The 
living quarters must provide a crew with adequate space with a comfortable tem- 
perature, lighting, and noise-level. The possible hazards include elevated stress 
hormone levels altering the immune system and producing allergies, illnesses, and 
disease. 

e Space Radiation. Earth’s magnetic field and atmosphere protect the surface from 
harsh cosmic radiation. The exposure in low orbit is increased, and greater still in 
deep space. Radiation sickness can cause nausea, vomiting, anorexia, and fatigue. 
In the longer term it can increase the risk of cancer and also damage the central 
nervous system (with both acute effects and later consequences manifesting as 
altered cognitive function, reduced motor function, and behavioral changes). 

e Distance from Earth. Good planning and self-sufficiency will be vital on a Mars 
mission. Earth and Mars travel independently around the Sun, with Mars being 
farther out. When they are on the same side of the Sun a radio signal might travel 
between the two in only about 3 min but when they are on opposite sides of the Sun 
it might take 22 min. A round trip would be twice that. With such communication 
delays and the possibility of equipment failures, astronauts must be able to solve 
problems on their own. And because such a mission will not be able to be replen- 
ished along the way, it must set off with all of the food, medicine, and supplies 
required for the duration. 


Analog missions are field tests in locations that have physical similarities to the 
extremes of space environments. NASA engineers and scientists work with government 
agencies, academia, and industry to gather the requirements for testing in harsh environ- 
ments before they are used in space. Such testing can include new technologies, robotic 
equipment, vehicles, habitats, power generation, communications, mobility, infrastruc- 
ture, and storage. It can also assess behavioral effects such as isolation and confinement, 
team dynamics, menu fatigue, and others. 

Earlier generations used analog missions to prepare for leaving Earth’s atmosphere, 
landing on the Moon, and occupancy of space stations in low orbit. Now, NASA is utiliz- 
ing analogs to prepare for missions in deep space. 

Analogs provide data about strengths, limitations, and the validity of planned human- 
robotic exploration operations. Analogs also help define ways to combine human and 
robotic efforts to enhance scientific exploration. Test locations include the Antarctic, 
oceans, deserts, arctic and volcanic environments. 
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The following analogs will be briefly reviewed: 


e Human Exploration Research Analog (HERA). 

e NASA Space Radiation Lab (NSRL). 

e Human Exploration Spacecraft Testbed for Integration and Advancement (HESTIA). 
e — Envihab. 

e Antarctic Stations, National Science Foundation (NSF). 

e Aquarius; NASA Extreme Environment Mission Operations (NEEMO). 
e Parabolic Flight. 

e IBMP Ground-based Experimental Complex (NEK). 

e Desert Research and Technology Studies (Desert RATS). 

e Pavilion Lake Research Project (PLRP). 

e Haughton Mars Project (HMP). 

e In Situ Resource Utilization (ISRU). 

e Hawaii Space Exploration Analog and Simulation (HI-SEAS). 


A.3.2 Human Exploration Research Analog (HERA) 


This analog project managed by JSC’s Flight Analogs Project began in 2004, and a habitat 
was built to simulate a complex set of modules similar to those needed for a deep space 
mission. The habitat for the HERA study is a three story research laboratory in Building 
220 that includes an airlock, medical station, work area, flight deck, four bunks, kitchen, 
and bathroom. It is a generic design not meant to replicate any particular spacecraft. 


Fig. A.3.1 The HERA facility. (Photo courtesy of NASA JSC) 
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Scientists and researchers use analogs like HERA to gather more data for comparison 
to data collected aboard the ISS and from other analogs, in order to draw conclusions rel- 
evant to a real deep space mission, and 1 day a journey to Mars. The research is grouped 
into campaigns and then into missions. As an example, the mission being conducted 
during the writing of this book was the fourth and final mission for Campaign 3 mission 
XII. This started Monday, September 19, 2016, when the crew of four entered HERA 
following 2 weeks of training and collection of baseline data. In participating in a 30 day 
simulated mission to an asteroid they pursued a flight-like timeline, engaged in an assort- 
ment of mission tasks, and participated in scientific investigations. The test ended on 
October 19 with their “splash down.” 


Fig. A.3.2 The HERA XII crew is carrying The Explorers Club flag as they begin their mis- 
sion. From l-r are: Todd Huhn, Ulyana Horodyskyj, Mark Kerr, and Jonna Ocampo. (Photo 
courtesy of NASA JSC) 


This highly skilled crew included an Air Force flight surgeon, a Fulbright scholar, a 
project engineer in the U.S. Army Corps of Engineers, and a power lifting competitor from 
Team USA. Their participation in the HERA mission and HRP research was aimed at 
reducing a variety of risks associated with long duration space missions. They were 
assigned the same experiments as the three previous HERA missions of 2016 in order to 
enable the researchers to identify patterns and variances in the data. Experiments include 
testing hardware prototypes, creating equipment with a 3D printer, testing a new concept 
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for space food, flying a simulated SEV, and making a virtual EVA on an asteroid. 
They worked 16 h days, 6 days a week with a real-life timeline of scheduled activities 
from the HERA Mission Control Center. The researchers got data on the effects of 
extended isolation and confinement, team dynamics, and the resolution of conflicts. 

The data from such studies will help to design the vehicles for a deep space mission and 
plan human performance and medical and behavioral health countermeasures. In particu- 
lar, it should help to build in safeguards such as rotational leadership roles for each activity 
to ensure mental health is as protected as physical health. Starting in January 2017, the 
Campaign 4 simulations will extend the mission to 45 days. 


A.3.3 NASA Space Radiation Laboratory (NSRL) 


As NASA prepares for future missions to the Moon and Mars, many of the health risks of 
cosmic radiation are still uncertain (see Sect. 5.3). Before humans can spend extended 
periods in deep space, scientists need to learn more about the risks posed by cosmic radia- 
tion. Commissioned in 2003, NSRL is funded by NASA and managed by Brookhaven 
National Laboratory for the U.S. Department of Energy (DOE). It can harness all species 
of ions with energies similar to those of the cosmic particles found in space. NSRL oper- 
ates 1000-1200 h per year in three running cycles; typically in early spring, early summer, 
and autumn. The number of users increases every year. NASA, national laboratories, and 
at least 50 institutes and universities in the U.S., Europe, and Japan are using the facility 
to test medical, biological, and physical samples. 

Space radiation consists of different types of charged particles, including protons emit- 
ted by the Sun and highly energetic heavy ions from galactic sources. Such particles move 
at nearly the speed of light and can easily penetrate spacecraft walls, as well as human 
skin, cells, and DNA. This ionizing radiation can change the ability of cells to carry out 
repair and reproduction. Cells that are damaged and mutated by the radiation may lead to 
health problems including cataracts, cancer, and damage to the central nervous system. To 
investigate the effects of space radiation, researchers at NSRL irradiate biological speci- 
mens (including cells, tissue, and DNA) with ions of varying energies. Industrial materials 
and detectors that might someday travel through space are also tested. NSRL’s beams of 
ions of differing species types and energies allow researchers to determine the effects of 
radiation, and also enable them to measure a sample’s threshold for absorbing radiation 
dose. Understanding a sample’s threshold helps to determine which levels and dosages of 
ionizing radiation are safe and which are damaging. 

As more is understood about the risks of space radiation and its effects on living organ- 
isms, research at NSRL will shift from risk assessment towards the development of coun- 
termeasures. Improved shielding is a partial solution to the conditions humans will face in 
deep space. NSRL scientists are also finding new promise in pharmacological compounds 
that have the potential to both improve the body’s ability to repair damaged DNA and to 
boost various natural protective measures. As an added benefit, developments at NSRL 
may also increase our understanding of the relationship between ionizing radiation and 
cancer and perhaps lead to safer, more effective radiation treatments. 
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A.3.4 Human Exploration Spacecraft Testbed for Integration and Advancement 
(HESTIA) 


The NASA Johnson Space Center has a 20 ft. diameter chamber that can be pumped down 
to the same pressures as the Martian surface, backfilled with similar gases, and decked 
with simulated soil. Commonly known as “dust to thrust,’ engineers have developed a 
means to use the natural resources of the environment to create fuel for propulsion and to 
generate power for life support systems and other environmental controls. While the goal 
of HESTIA is to test this engineering, this analog is directed more to Mars surface opera- 
tions than to a Mars Orbital Mission to Deimos or Phobos. 


A.3.5 Envihab 


The Envihab (derived from the words Environment and Habitat) is operated by the 
Institute for Aerospace Medicine at the German Space Agency (DLR) in Cologne, 
Germany. The Institute is a world leader in aviation and space medicine. The Envihab is 
a one-of-a-kind medical research facility to study how people adjust to extreme environ- 
ments and other stressful situations with a view to creating countermeasures. It has a 
short-arm human centrifuge for cardiovascular, bone, and muscle research, plus labora- 
tories for studying the effects of oxygen reduction and pressure decrease on test subjects, 
MRI/PET analysis facilities, microbiological and molecular biological research tools, 
rooms for psychological stress simulations and rehabilitations as well as places to house 
and monitor test subjects. At Envihab, the Institute is undertaking super targeted research 
in space involving flight physiology, radiation biology, space psychology, operational 
medicine, biomedical research and analogous terrestrial situations. A major emphasis of 
this program is to form a closely interrelated network of scientists with industry and the 
general public. It also acts as a communications center for outreach and inspiring the next 
generation of scientists. 

Of the potential challenges that astronauts face in the space environment, microgravity 
is one of the most difficult to mimic in an experimental setting. NASA researchers and 
engineers have been studying bed rest as an experimental analog for space flight because 
extended exposure to a head-down tilt position can duplicate many of the effects of a low 
gravity environment, allowing research into musculoskeletal, cardiovascular decondition- 
ing, and psychological effects of long-term exposure to reduced gravity. 


A.3.6 Antarctic Stations 


As NASA scientists and engineers begin to develop the equipment and protocols to ensure 
that crewmembers remain safe, healthy, and productive on long duration missions in deep 
space, the harsh environment of Antarctica provides an appropriate setting in which to 
conduct preliminary research. The climate, terrain, temperature, and degree of isolation 
provide an environment that closely parallels the isolation and stress that astronauts are 
likely to face during long missions in space. 
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The U.S. Antarctic Program (USAP) is managed by the National Science Foundation 
(NSF). It maintains research facilities at several sites in Antarctica, in particular the 
McMurdo, Palmer, and South Pole Stations. NASA and NSF have a collaborative agree- 
ment to study the effects of living in the polar environment. Most Human Research Program 
related activity is conducted at McMurdo, a coastal outpost located in the volcanic hills at 
the southern tip of Ross Island. Over the course of a typical year, more than 800 scientists 
and support staff travel there to undertake experiments. These studies focus on variables 
such as isolation, telemedicine, and responses to harsh conditions; the parallels include 
extreme temperatures, harsh winds, and atypical seasons of daylight and darkness. 

As an example, NASA astronaut Christina Hammock Koch has spent many seasons at 
various Antarctic and Arctic stations helping scientists to conduct research. She spent a 
year at the South Pole. As she explained, “This means going months without seeing the 
Sun, with the same crew, and without shipments of mail or fresh food. The isolation, 
absence of family and friends, and lack of new sensory inputs are all conditions that you 
must find a strategy to thrive within.” In spite of the problems, Koch found ways to cope. 
She exercised, found hobbies, socialized with others in the station, and saved care pack- 
ages to open later on. “The most helpful strategy that I developed was to avoid thinking 
about all the things I was missing out on, and instead focused on the unique things in the 
moment that I would never get to experience again.” 

Another analog research effort is scheduled for February 2017. This will include 
Dr. Lauren Leveton of NASA/HRP and Dr. Candice Alfano of the University of Houston, 
Texas. The study will include approximately 110 NSF Antarctic Program volunteers 
located at the McMurdo and South Pole stations. By studying volunteers at both stations, 
researchers hope to more precisely understand the greatest sources of stress. Test subjects 
will complete periodic computer-based questionnaires, provide saliva samples, and wear 
a monitor that records sleep and wake cycles. The data will allow researchers to identify 
stress and changes in the psychological health of the volunteers during their time in 
Antarctica. The plan is to refine and finalize a checklist that can be used to provide an 
efficient way to monitor signs and symptoms that a behavioral condition may be develop- 
ing and hence intervene early on. 

To support this study, NASA and NSF are to deploy NASA clinical staff to Antarctica. 
This will give NASA’s medical personnel (flight surgeons) a unique opportunity to treat 
individuals in the extreme environment. Participating flight surgeons will be on rotation 
during summer or winter-over stays. At the Johnson Space Center, flight surgeons are on 
call around the clock to provide remote consultations with astronauts on the ISS. Allowing 
these doctors to work in the Antarctic environment will give them additional training to 
call upon when they assist astronauts on future long missions in deep space. 

Another site called Concordia is operated by the French Polar Institute (IPEV) and the 
Italian Antarctic Program (PNRA). It lies over 620 miles (1000 km) from the coastal stations 
and at an altitude of 10,000 ft. (3048 m) in the largest desert in the world where the average 
temperature is minus 50 °F (minus 46 °C). It is employed to study psychology, physiology, 
and medicine. Some “crewmembers” are part of research that spans the entire winter. Research 
at Concordia includes glaciology, atmospheric studies, astronomy, human related research, 
and some technologies. The base is so unlike anything elsewhere in the world that ESA par- 
ticipates in the Italian-French base to conduct research for future missions to other planets. 
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A.3.7 Aquarius and NEEMO 


The NASA Extreme Environment Mission Operations (NEEMO) project of the Human 
Health and Performance Directorate at the Johnson Space Center is supported with fund- 
ing from ESA and partnerships with the Naval Postgraduate School, Embry Riddle 
Aeronautical University, Vega Telehealth, TeloRegen, and Johns Hopkins. NEEMO runs 
a series of space flight analog missions where teams of astronauts, engineers and scientists 
live in Aquarius, the world’s only undersea research station, for up to 3 weeks at a time. 

Operated by Florida International University, Aquarius is located 3.5 miles (5.6 km) off 
Key Largo in the Florida Keys National Marine Sanctuary, next to coral reefs 62 ft. (19 m) 
below the surface. The habitat and its surroundings provide a fair analog for space explo- 
ration because, as in space, the undersea realm is an alien environment that is hostile to 
human life. NEEMO crew, known as aquanauts, experience some of the same challenges 
there that they would on a distant asteroid, planet, or moon. They can simulate living in a 
spacecraft and evaluate EVA methods. Working in space and underwater environments 
requires extensive planning and sophisticated equipment. The underwater condition has 
the additional benefit of allowing NASA to “weight” the aquanauts in order to simulate 
different gravity conditions. The technique called saturation diving permits the aquanauts 
to live and work underwater for several weeks at a time. After 24 h at any depth, the human 
body becomes saturated with dissolved gas. By using saturation diving, divers can accu- 
rately predict exactly how much time they will have to decompress prior to returning to 
the surface, thereby limiting the risk of decompression sickness. 

For the NEEMO 21 mission an international crew and two professional habitat techni- 
cians lived in Aquarius from July 21 to August 5, 2016, testing tools and techniques and 
conducting simulated spacewalks outside of the habitat. Inside, they conducted a wide 
variety of research and operations studies, including using a miniature DNA sequencer 
previously tested on the ISS and a telemedicine device that will be used for future space 
applications. During their simulated spacewalks, the crew collected samples for marine 
biology and geology studies, tested software for managing operations, and assisted in a 
coral restoration project. During many of these tasks, they employed communications 
delays similar to those that would be encountered on a mission to Mars. 


A.3.8 Parabolic Flights 


Aircraft flying parabolic arcs have been used by NASA to study the effects of zero-g since 
the Mercury missions and are still employed today. As an Apollo Pressure Suit Test 
Subject, I was privileged to experience weightlessness many times. A typical flight is in an 
aircraft adapted to withstand the repeated loading and unloading of the g forces required 
to give the astronauts (or test subjects) time to familiarize themselves with the weightless 
environment and to perform a range of tasks intended to be carried out in space. The tests 
typically start at a stabilized flight attitude at 20,000 ft. The aircraft then initiates a climb 
during which the subject’s weight is 1.8 times greater than normal for 24 s. The aircraft 
flies a parabola. At the top of the climb, the power is reduced and the aircraft is pitched 
over to dive at a precise angle. During this time the vertical load goes from 1.8 g to zero 
for about 22 s. The pilot adjusts the control stick tilt to maintain the g load at zero, while 
the copilot maintains the roll angle at zero and the flight engineer adjusts the thrust of the 
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Fig. A.3.3 The NEEMO 21 crew. Pictured clockwise from top are: Matthias Maurer (ESA), 
Marc O. Griofa (Teloregen/VEGA/AirDocs), NASA astronaut Megan McArthur, NASA 
astronaut Reid Wiseman, Dawn Kernagis (Institute for Human and Machine Cognition), and 
Noel Du Toit (Naval Postgraduate School). Inside the Aquarius habitat are technicians Hank 
Stark (left) and Sean Moore (right) of Florida International University. NASA Astronaut Reid 
Wiseman commanded the first half of the mission. Wiseman was a naval aviator and test pilot 
prior to joining NASA in 2009. In 2014 he flew in space as part of Expedition 40/41, spending 
166 days aboard the ISS. Megan McArthur commanded the second half of the mission, living 
in the habitat for the entire 16 day period. As an astronaut she flew on the STS-125 mission in 
2009 and served as a spacecraft communicator in Mission Control for both Space Shuttle and 
ISS missions. Prior to joining NASA, she obtained a doctorate in oceanography at Scripps 
Institution of Oceanography. Also spending the entire 16 days on the NEEMO 21 crew was 
ESA astronaut Matthias Maurer. Marc O’Griofa, the chief medical and technology officer for 
Noninvasive Medical Technologies Inc., joined Wiseman, McArthur and Maurer for the first 
8 days. For the second half of the mission, McArthur and Maurer were joined by scientists 
Dawn Kernagis and Noel Du Toit. (Photo courtesy of NASA) 


engines to cancel the longitudinal load factor. As the aircraft pulls out of the dive the 
loads increase to about 1.8 g once again until level flight is resumed at the original altitude. 
This flight profile is repeated again and again. 

NASA has used a variety of aircraft for zero-g flights. In 1959 astronauts trained in a 
C-131 aircraft. With good reason this was dubbed the “vomit comet.” Twin KC-135 s were 
used until December 2004. One KC-135A registered as N930NA was also used by 
Universal Pictures and Entertainment International for filming scenes involving weight- 
lessness in the movie Apollo 13. It was retired in 2000 and is now on display at Ellington 
Field, near JSC in Houston. The other KC-135 is in permanent storage in the Pima Air and 
Space Museum in Tucson, Arizona. 

Several commercial operators around the world have provided zero-g services, contract- 
ing a variety of aircraft to governments, space agencies, industry, and even tourists. 
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A.3.9 Institute of Biomedical Problems (IBMP) 


For nearly a decade, the Institute of Biomedical Problems of the Russian Academy of 
Sciences has had a facility near Moscow to examine and simulate long duration space flight; 
in particular a mission to Mars. The Ground Based Experimental Complex (known by its 
Russian acronym of NEK) has an analog platform of four experimental chambers of 50, 100, 
150, and 250 m° that support 3—10 test subjects. These studies required confinement and a 
stable environment provided by local life support systems (gas composition, temperature, 
humidity level, light, etc.) in order to examine the effects of isolation and confinement on the 
behavioral health of subjects. The complex can investigate life support systems, space activi- 
ties (docking, and working on the surface of another planet), medical countermeasures, crew 
performance and dynamics, and crew autonomy, plus the implications of confinement and 
related physiological stressors. Research on the ISS is essential for answering questions on 
the effects of weightlessness, radiation, and other space-specific factors, but long-term isola- 
tion and confinement are better addressed by ground-based simulations. 

ESA undertook a cooperative project with the IBMP in Moscow, called Mars-500. 
The ESA Directorate of Human Spaceflight has a long history of conducting research on 
the physiological and psychological aspects of flying in space. Its bedrest studies, in par- 
ticular, are at the forefront of research into how the human body reacts in weightless con- 
ditions in order to devise effective countermeasures and enable humans to undertake long 
missions in space safely and effectively. The Mars-500 project involved a series of simula- 
tions of increasing duration conducted between 2007 and 2011, starting with a 15 day test 


Fig. A.3.4 The Mars-500 crew. Back row l-r: Sukhrob Kamolov of Russia, Alexandr 
Smoleevskiy of Russia and Diego Urbina of Italy. Front row l-r: Wang Yue of China, Alexei 
Sitev of Russia and Roman Charles of France. (Photo courtesy of IBMP) 
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in 2007 and the progressing to a 105 day mission in 2009 and a 520 day mission from June 3, 
2010 to November 4, 2011 that included a simulated flight to Mars, a landing, and a return 
to Earth. The European side of this work was financed by the European Program for Life 
and Physical Sciences in Space (ELIPS) and involved scientists from across Europe. 

The very brave and courageous international six person crew were selected from over 
6000 applicants. They were subjects for scientific investigations to assess the effect that 
isolation has on psychology and physiology, such as stress, hormone regulation and immu- 
nity, sleep quality, mood, and the effectiveness of dietary supplements. The knowledge 
gained will be invaluable in providing the basis for the potential development of counter- 
measures to deal with any unwanted side effects of a mission to Mars, and will also help 
to refine procedures for astronaut selection. 


A.3.10 Desert Research and Technology Studies (Desert RATS) 


NASA’s Desert Research and Technology Studies (Desert RATS or D-RATS) have per- 
formed annual field trials to demonstrate and test candidate technologies and systems 
meant for human exploration of the Moon, Mars, and asteroids. The program began in 
1997 and revived Apollo-style lunar exploration training from decades earlier. The field 
season ran for about 2 weeks each year, usually in September, in locations surrounding 
Flagstaff, Arizona, although Meteor Crater was also employed. The activities were 
designed to exercise prototype planetary surface hardware and representative mission sce- 
nario operations in relatively harsh climatic conditions where long distance, multiple day 
traversing activities were achievable. 

The Desert RATS participants varied from year to year, but included people from 
Johnson Space Center, Kennedy Space Center, Goddard Space Flight Center, Langley 
Research Center, Ames Research Center, Glenn Research Center, the Jet Propulsion 
Laboratory, Marshall Space Flight Center, space suit contractors Hamilton Sundstrand and 
ILC Dover, and researchers from a number of universities and institutes, including the 
Carnegie Institute, the Universities Space Research Association, and Virginia 
Commonwealth University. 

In 2010 about 200 scientists, engineers, and mission planners participated. Mission 
support was given by the Mission Operations Exploration Planning and Operations Center 
in Houston. The field work assessed the effectiveness of new designs for spacesuits, 
robots, rovers, surface networking and communications, exploration information systems 
and computing, habitats, as well as other equipment. This experience of using new tech- 
nologies will make planetary work safer, easier, and more efficient. Some tests used an 
interplanetary delay emulator developed at NASA. Researchers staged mock explorations 
of the desert, and tried out candidate procedures and techniques for accomplishing the 
mission. Suited crewmembers worked side by side with robots, and were connected to one 
another and to the robots by a wireless network. The rugged terrain provided challenges 
for robotic navigation. In 2011 the field tests provided quantitative and qualitative data 
that helped NASA to answer key architectural questions and informed the development of 
its Capability-Driven Framework for human space exploration. Seven different combina- 
tions of exploration systems and crew sizes were systematically tested for applicable 
scenarios. The specific activities were designed to provide data that could be generalized 
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for a range of exploration missions and destinations. The 2012 tests were conducted in 
Building 9 at JSC, which hosts the Space Vehicle Mockup Facility. The tools and simula- 
tors were configured and optimized for a simulated mission to a near-Earth asteroid. 
A virtual reality lab provided an immersive environment for the EVA crewmembers, inte- 
grating real-time graphics with crew motions and kinesthetic sensations of large objects. 
Astronauts were able to conduct EVAs in simulated microgravity using the Active 
Response Gravity Offload System (ARGOS) crane-based reduced gravity system. 

Over the years, analog missions such as those performed by the Desert RATS have 
assisted NASA to answer key architectural questions to fulfill its objective of developing 
safe, effective and affordable exploration architectures, systems, and operations concepts. 


A.3.11 Pavilion Lake Research Project (PLRP) 


This project is an international, multi-disciplinary, science and exploration effort to explain 
the origin of freshwater microbial sediments in Pavilion Lake, British Columbia, Canada. 
Beneath the surface are fascinating carbonate rock structures displaying diverse sizes and 
morphologies. These structures are believed to be formed, in whole or in part, by microor- 
ganisms that live on the structures. These single celled bacteria and algae are common of 
aquatic environments. The cyanobacteria and microbial communities that build them are 
similar to those that originated on Earth some 3.5 billion years ago. They are descendants 
of the form of life that predominated in Precambrian times and illustrate what might have 
developed on other planets at that same time, in particular Mars. 

After a successful initial field season in 2004, Dr. Darlene Lim from SETI and NASA 
Ames Research Center established the Pavilion Lake Research Project in partnership with 
Dr. Bernard Laval of the University of British Columbia. In 2005, PLRP )gained the sup- 
port of the Canadian Analog Research Network (CARN) program of the Canadian Space 
Agency and a grant from a the National Geographic. NASA continues to provide logistics, 
as well as education and public outreach support. 

The characteristics of Pavilion Lake that make it a good analog site are that its struc- 
tures are very similar to those of the earliest life on Earth and are among the most structur- 
ally diverse of microbial sediments in the modern world; and the operational manner in 
which the PLRP team conducts its science represents an approximation of human lunar 
and Martian missions. In terms of space exploration analogies, the submersible pilots and 
divers are exposed to harsh conditions in which life support systems are needed in order 
to study the organisms, just as astronauts will require spacesuits, exploration vehicles and 
rovers to explore various celestial bodies, including Mars’s moons. Since rovers will be an 
important part of exploring the Moon and Mars, they are used on this project as well. They 
allow crews to reach remote areas and cover more ground than any individual walking 
astronauts could explore. At Pavilion Lake submersibles enable scientists to map and 
explore the deepest parts of the lake, and cover much more area underwater than was pre- 
viously possible with scuba divers. The submersibles are equipped with high definition 
video cameras to allow the scientists who make observations underwater to compare their 
observations with back room scientists after their dive. The submersibles are also fitted 
with a sampling arm, to retrieve organisms from the depths of the lake. The vehicles can 
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communicate with the surface in order to assist with navigation, and are capable of calling 
divers from a support boat to retrieve samples from shallower depths. The submersibles 
have yielded substantial and exciting scientific returns to the team studying the lake and 
information of use to those planning space exploration. 


A.3.12 Haughton Mars Project (HMP) 


The Haughton Mars Project (HMP) is an international interdisciplinary field research project 
in which the scientific study of the Haughton impact structure and the surrounding area of 
Devon Island in the High Arctic serves as an analog for Mars. The impact crater is 14 miles 
(23 km) in diameter and was excavated 39 million years ago. At 75° north, it is one of the 
highest-latitude impact craters known. The projectile is estimated to have had a diameter of 
1.2 miles (2 km), so this event was a major one. Scientists regard the site as “Mars on Earth,” 
and HMP is managed and operated by the Mars Institute with support from SETI. 


Fig. A.3.5 The Haughton Mars Project on Devon Island. (Photo courtesy of the Mars Institute) 


Located in the sparsely populated Territory of Nunavut in northern Canada, Devon 
Island is the world’s largest uninhabited island. The islands of this Arctic Archipelago 
have expanses of tundra, craggy mountains, and villages that are accessible only by plane 
or boat. It is known for its indigenous Inuit people’s artwork, carvings, and handmade 
clothing. The geology of Devon Island presents two major provinces, one being a thick 
(presently ~1.3 km) layered sequence of Paleozoic (Cambrian to Devonian) marine sedi- 
ments that are dominated by carbonates that form part of the Arctic Platform, and the other 
the Precambrian crystalline (gneissic) basement that is within the Canadian Shield. The 
Paleozoic sediments dip gently towards the west, and the flat-topped plateau that charac- 
terizes much of Devon Island is an old erosional surface. The harsh climate mimics condi- 
tions on Mars and so can provide unique insights into the possible history of water and of 
past climates on that planet. This relates to the possibilities and limits of life in extreme 
environments. The barren terrain, freezing temperatures, isolation, and remoteness offer 
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unique opportunities for research. The arctic day and night cycle and restricted communi- 
cations capabilities offer fitting analogs for the challenges of long duration space flights. 
In addition to communications, equipment testing, and vehicular and extravehicular oper- 
ations, Devon Island hosts a program to develop new technologies, strategies, and opera- 
tional protocols in support of future space exploration, in particular of Mars. 

The Mars Institute is an international, non-governmental, non-profit research organiza- 
tion to advance the scientific study, exploration, and public understanding of Mars. It is 
headquartered at NASA Ames Research Center, and has offices in Toronto, Canada, and 
Stavanger, Norway. The Institute is a world leading organization in the advancement of 
human exploration of Mars, including using Phobos and Deimos as key stepping stones to 
the planet. It undertakes mission studies and organizes international conferences. The vol- 
unteer based, non-profit, space advocacy Mars Society is also involved in such projects, 
most notably the Mars Analog Research Station Program (MARS) whose stations include 
the Flashline Mars Arctic Research Station (FMARS) on Devon Island and the Mars 
Desert Research Station (MDRS) in Utah. 


Fig. A.3.6 Painting by Pascal Lee depicting the Mars Society’s Flashline Mars Arctic 
Research Station (FMARS) on Devon Island, Arctic. Pascal commanded the first crew to 
occupy the habitat and executed the artwork during the mission. 


A.3.13 In Situ Resource Utilization (ISRU) 
ISRU seeks to harness local natural resources at mission destinations as a means of elimi- 


nating the need to carry materials from Earth. This will enhance the capabilities of human 
exploration, in effect by “living off the land.” Because the rock distribution and soil 
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composition of volcanic deposits in Hawaii provide an ideal terrain for testing ISRU hard- 
ware and operations, NASA is conducting ISRU analog missions in cooperation with part- 
ners such as the Pacific International Space Center for Exploration Systems (PISCES) that 
is affiliated with the University of Hawaii at Hilo and the Canadian Space Agency. These 
trials assess ISRU hardware that is designed to characterize volcanic deposits and extract 
compounds like water and carbon dioxide. The same technology could be used to look for 
water ice in lunar and Martian environments. 

In 2008, 2010, 2012 and 2013, the Planetary Analogue Test Sites run by PISCES) on 
the Big Island of Hawaii conducted successful campaigns involving international agencies 
at a location on the mid-slope of Mauna Kea. During 2012, this area was also used for the 
Moon and Mars Analog Mission Activities (MMAMA) where NASA tested the Juno II 
roving vehicle. In 2013, the “Puli” Google Lunar X-Prize Team from Hungary success- 
fully tested their innovative lunar rover at a similar location. 


A.3.14 HI-SEAS 


NASA’s Human Research Program awarded a contract to the Hawaii Space Exploration 
Analog and Simulation (HI-SEAS) program to continue a study of the human factors 
which contribute to crew function and performance during long duration space travels, 
such as those anticipated for a manned mission to Mars. This project is led by the University 
of Hawaii at Manoa, with support from team members at Cornell University, Michigan 
State University, Arizona State University, University of South Florida, the University of 
Maryland, the Institutes for Behavior Resources, Smart Information Flow Technologies, 
the Blue Planet Foundation, and the Pacific International Space Center for Exploration 
Systems (PISCES) discussed in the previous section. 

Over the course of the study, researchers will evaluate the crew’s communications strat- 
egies, workload and job sharing, and strategies for conflict resolution/conflict manage- 
ment in order to determine the most important factors for success of a long duration space 
mission. 

The primary goals of the study are: 


e To measure key factors that may contribute to crew function and performance over 
high autonomy missions of varying duration. 

e To assess the impact of these factors on crew function and performance. 

e To assess the relative impact of these factors for different duration missions. 

e To suggest potential countermeasures (e.g. crew selection strategies) and interven- 
tions (e.g. responses to deteriorating crew cohesion) in order to maximize crew 
function and performance. 


Specifically, researchers measure a number of behavioral, communicative, and ability 
based factors prior to initiating a mission, then monitor how these abilities and several 
interpersonal, communicative, and role based factors change during a mission. The object 
is to determine the effects of these factors and their ability to predict crew performance 
over missions of differing durations. 
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HI-SEAS is located in an abandoned quarry on the northern slope of the Mauna Loa 
volcano, next to an escarpment formed by a string of cinder cones and a collapsed lava 
tube. The area has Mars-like features and an elevation of approximately 8200 ft. (2500 m) 
above sea level. There is little vegetation, no rare, threatened or endangered species, and 
no inhibiting archaeological sites or cultural practices. 


Fig. A.3.7 The HI-SEAS habitat on Mauna Loa. (Photo courtesy of the University of Hawaii 
at Manoa) 


The habitat was made by the Blue Planet Foundation of Honolulu, Hawaii, using a geo- 
desic dome supplied by Pacific Domes International. Its internal two story structure was 
designed by V. Paul Ponthieux of Envision Design. The dome has a diameter of 36 ft. (11 m). 
The ground floor includes common areas such as kitchen, dining, bathroom with shower, 
lab, exercise area, and common spaces. The upper floor includes six separate staterooms and 
a half bath. There is also an attached workshop converted from a steel shipping container. 

The HI-SEAS I mission lasted 4 months in 2013 with culinary and psychological 
aspects. Many related topics were also explored, including temperatures in artificial habi- 
tats. The 2013 study had eight people and ran for 120 days. Members of the crew emerged 
once per week with simulated spacesuits to explore the terrain and to undertake geological 
and microbe detection studies. One theme of the study was a diet that mixed traditional 
freeze dried space food and a variety of recipes made from a special list of ingredients. Six 
scientists carried out the mission. Commander Angelo Vermeulen and his colleagues rec- 
ommended more spices and higher fiber foods, as well as comfort foods. Another crew of 
six performed the 120 day second mission in 2014, the third ran from October 2014 to June 
2015, and the fourth began in August 2015 and lasted for exactly 1 year. The next mission 
will be in 2017 and it will focus on crew selection issues and include medical treatments. 

Go to http://hi-seas.org/ for further information. 


Appendix 4 


Commercial Cargo and Crew Spacecraft 


A.4.1 Overview 


Over the past decade the U.S. commercial space program has succeeded in providing both 
new spacecraft and new launch vehicles. These are primarily focused on delivering cargo 
to the ISS. One endeavor is focused on delivering crew, because NASA lost the ability to 
perform this task when the Space Shuttle was retired in 2011. It now purchases seats on 
Russian Soyuz “taxis” and sends up logistics in Progress cargo ships. Commercial opera- 
tors are restoring U.S. indigenous access to the ISS, currently for cargo only but soon also 
for astronauts. 

What roles will American private companies play in missions to Mars? Both NASA 
and the aerospace companies have many years to figure this out. Certainly, for a Mars 
Orbital Mission there will be opportunities. While the SLS has the capability to put 130 
tons into orbit, it may be more cost effective to use a commercial service for certain pay- 
loads. A number of launches will be needed to put all the modules into orbit to assemble 
the “stack” for a mission to Mars in much the same way that the ISS was progressively 
assembled in space. 

What follows is a brief history of the commercial space program and the current com- 
mercial cargo and crew capabilities for low Earth orbit. 


A.4.2 Brief History of the Commercial Space Program 


The Commercial Orbital Transportation Services (COTS) program was started in 2005. 
NASA employed a two-phase acquisition strategy for cargo to the ISS. COTS was to dem- 
onstrate the capabilities of Commercial Partners (CP). Then the Commercial Resupply 
Services (CRS) was an independent purchase of services by which the Agency could require 
commercial partners to demonstrate their capabilities as a prerequisite to the placement of 
orders. Instead of specifying detailed requirements, as a typical NASA program would, the 
COTS program identified several broad cargo and crew transportation capabilities which it 
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needed and bidders were free to select which capabilities they wished to provide. This gave 
industry the opportunity to innovate and to focus their COTS system on the capabilities that 
fit their business plans and market projections. The Agency could then ensure coverage of 
capabilities when selecting a portfolio of companies for COTS funding. 

At the time of the first COTS award in 2006, officials at NASA Headquarters in 
Washington, DC were expecting commercial companies to take over low Earth orbit trans- 
portation services in the context of the overarching Vision for Space Exploration. The 
COTS model, as developed and successfully executed by the Commercial Crew and Cargo 
Program Office (C3PO), has shown that NASA can collaborate with private industry in 
this manner. The government provided less than half of the cost of developing and dem- 
onstrating the commercial transportation systems. 

The Space Shuttle was retired in 2011, the first SpaceX Dragon flew to the ISS in 2012, 
and the first Orbital ATK Cygnus did so in 2013. In each case, the company used a rocket 
of its own design. All current and planned U.S. experiments aboard the ISS will be facili- 
tated in some way by a resupply service provided by either SpaceX or Orbital Sciences. 

Throughout COTS, NASA’s partners achieved a number of significant space flight 
firsts for the U.S. commercial space industry. This list included the first commercial space- 
craft to launch into orbit and return to Earth; achieved by SpaceX. The company also was 
the first commercial provider to resupply the ISS. Orbital Sciences was the first company 
to launch cargo to the ISS from the new Mid-Atlantic Regional Spaceport at the NASA 
Wallops Flight Facility in Virginia. 

NASA and its Commercial Crew Program partners are currently developing a new 
generation of indigenous spacecraft and rockets capable of transporting humans to and 
from low orbit from American soil. NASA will employ these new commercial capabilities 
to enable its astronauts to access the ISS. These vehicles will need to meet the Agency’s 
safety requirements for carrying humans. This procurement phase is expected to include 
crewed demonstration flights to the ISS in the 2017—2018 time frame. 


A.4.3 Space Exploration Technologies (SPACEX) 


On 18 August 2006, NASA announced that SpaceX had won a COTS contract to demon- 
strate the delivery of cargo to the ISS, with a possible option for delivering astronauts. This 
contract, designed by NASA to provide “seed money” for developing new boosters, paid 
SpaceX $278 million to develop the Falcon 9 launch vehicle, with incentives payable for 
milestones which culminated in three successful demonstration launches. In December 
2008 the company won a Commercial Resupply Services (CRS) contract for at least 12 
missions for $1.6 billion to carry cargo to and from the ISS. With the launch of a Falcon 9 
for COTS Demonstration Flight 1 on December 8, 2010, SpaceX became the first privately 
funded company to successfully launch, orbit, and recover a spacecraft. The Dragon space- 
craft made two orbits, then a controlled reentry burn which put it on target for a splashdown 
in the Pacific Ocean off the coast of Mexico, from where it was safely recovered. 
According to the original schedule, on COTS Demo Flight 2 the Dragon spacecraft 
would make its second flight and rendezvous with the ISS, but not be berthed there. The 
third flight would see the robotic arm of the ISS capture the Dragon and berth it temporarily. 
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But after the success of the first mission, NASA conditionally agreed on July 15, 2011 that 
these follow-on missions would be combined and the second mission would see the Dragon 
berthed. When an attempt was made to launch this new COTS 2+ mission on May 19, 2012, 
the countdown was automatically aborted when the pressure in one of the engine chambers 
exceeded the expected value. The launch was postponed to May 22, when the spacecraft 
was successfully placed into orbit. Several days later, it was berthed at the ISS, thereby 
marking the first time that a private spacecraft had accomplished this feat. 


Fig. A.4.1 The SpaceX Dragon being berthed at the ISS by the Canadarm2 manipulator on 
May 25, 2012. (Photo courtesy of NASA) 


On August 3, 2012, NASA reported new agreements with SpaceX and two other com- 
panies to design and develop the next generation of U.S. human space flight capabilities, 
with the goal of being able to launch astronauts within 5 years. Advances made by these 
companies under newly signed Space Act Agreements through NASA’s Commercial Crew 
Integrated Capability (CCiCap) initiative are meant to ultimately lead to the introduction 
of commercial human space flight services for government and commercial customers. 
Within this agreement, SpaceX was awarded $440 million to continue development and 
testing of its Crew Dragon spacecraft. Then on September 16, 2014, the Agency announced 
that SpaceX and Boeing were to receive funding to develop systems capable of transport- 
ing U.S. astronauts to and from the ISS by 2017. SpaceX won $2.6 billion to complete and 
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certify the Crew Dragon. Boeing won $4.2 billion to complete and certify their CST-100. 
The contracts included at least one crewed flight test with at least one NASA astronaut 
aboard. Once the Crew Dragon achieves NASA certification, the contract calls for SpaceX 
to deliver at least two (and as many as six) crews to the ISS. 

SpaceX also has plans for human Mars missions, and is privately funding a scenario 
that will use a “heavy” variant of the Falcon launch vehicle and a new spacecraft based on 
the Dragon. In addition, the NASA Ames Research Center has developed a concept called 
Red Dragon as a low cost mission to Mars that would use the Falcon Heavy as the launch 
vehicle and the Trans Mars Injection vehicle, and the Dragon to enter the Martian atmo- 
sphere. This concept was envisioned as launching in 2018 as a NASA Discovery mission 
but as yet it has not been funded. The goal would be to return samples from Mars to Earth 
at a fraction of the cost of NASA’s own robotic return sample mission, now projected at an 
eye-watering $6 billion. On April 27, 2016, SpaceX announced its intention to launch a 
modified Dragon lander to Mars by 2018 as part of a public-private partnership contract 
between NASA and SpaceX. 


A.4.4 Orbital ATK Cygnus 


In February 2008 the Orbital Sciences Corporation of Dulles, Virginia, was selected to 
develop and demonstrate commercial orbital transportation services which could open new 
markets and pave the way for contracts to launch and deliver crew and cargo to the 
ISS. NASA and Orbital Sciences signed an Space Act Agreement under the COTS program 
in which the company was awarded $170 million to supplement its privately sourced fund- 
ing. In December of that year the Agency awarded contracts to Orbital Sciences and SpaceX 
for commercial cargo services to the ISS. The contract to Orbital was for eight flights val- 
ued at $1.9 billion. It began January 1, 2009, and ran through December 31, 2016. The 
contracts each called for the delivery of a minimum of 20 metric tons of cargo to the ISS. 

The Cygnus spacecraft created by Orbital consists of two basic components: the 
Pressurized Cargo Module (PCM) and the Service Module (SM). On June 2009 the Italian 
company Thales Alenia Space signed a contract with Orbital for the design and manufac- 
ture of nine Pressurized Cargo Modules, one of which would be used for the COTS dem- 
onstration mission. The service module was built by Orbital ATK and was based on their 
GEOStar and LEOStar spacecraft bus and components developed when building the 
Dawn spacecraft for a double asteroid mission. It was initially to have a gross mass of 
3968 Ib. (1800 kg), employ thrusters using the hypergolic propellants hydrazine and nitro- 
gen tetroxide, and to have a pair of gallium arsenide solar arrays producing up to 4 kW of 
electrical power provided by Dutch Space. Unlike the SpaceX Dragon, the Cygnus could 
not be returned to Earth, it was to be commanded to burn up on reentry. 

The demonstration mission in September 2013 using the company’s Antares launch 
vehicle was followed by three commercial deliveries to the ISS. The next spacecraft was 
lost when the launch vehicle failed. While the rocket was being redesigned, cargo deliver- 
ies continued using purchased Atlas launch vehicles. The increased power of the Atlas 
enabled Orbital to employ a significantly larger form of the Cygnus. This was successfully 
flown in December 2015. In the “enhanced” version, the SM used the Orbital ATK 
Ultraflex solar arrays. These gave the same power as the previous arrays but at a lower 


Appendix 4 213 


mass. A new upper stage built by Orbital ATK was introduced with the enhanced Cygnus. 
Overall, the payload to the ISS was able to be increased significantly. In October 2016 the 
company introduced a modified version of the Antares with engines of a different type 
from those that had previously failed. Subsequent missions will use either this new rocket 
or the Atlas, depending upon the payload mass specified by NASA. 


Fig. A.4.2 The “enhanced” Cygnus approaching the ISS on December 9, 2015. (Photo courtesy 
of NASA) 


A.4.5 CST-100 Starliner 


The CST (Crew Space Transportation)- 100 Starliner spacecraft has been designed by Boeing 
in collaboration with Bigelow Aerospace for the NASA Commercial Crew Development 
(CCDev) program. Its primary mission is to transport crew to the ISS and to private space 
facilities, most particularly the proposed Bigelow Aerospace Commercial Space Station. 

It is similar to the Orion but has a diameter of 4.56 m (15.0 ft), which is slightly larger 
than the Apollo command module and smaller than the Orion. The Starliner can support 
up to seven people and is to be able to remain in space for up to 7 months with a reusability 
of up to ten missions. It is to be compatible with multiple launch vehicles, including the 
Atlas V, Delta IV, and Falcon 9, as well as the planned Vulcan. The initial launches are to 
ride the Atlas V from SLC-41 at Cape Canaveral Air Force Station (CCAFS) in Florida. 

In the first phase of its CCDev program NASA awarded Boeing $18 million for prelimi- 
nary development of the spacecraft. In the second phase it was awarded $93 million to 
continue this work. This process continued on August 3, 2012, with an award of $460 
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million. On September 16, 2014 NASA selected the CST-100, along with SpaceX’s Crew 
Dragon, for the Commercial Crew Transportation Capability (CCtCap) program with an 
award of $4.2 billion. The plan was to make the first unmanned flight in June 2018, the first 
crewed test flight in August, and make the first operational flight in December by delivering 
two astronauts to the ISS (the obligation calls for making at least one crewed flight test with 
at least one NASA astronaut aboard). Once the Starliner achieves NASA certification, the 
contract requires the company to deliver at least two (and as many as six) crews to the ISS. 

The agreement with NASA permits Boeing to sell seats for space tourism. Boeing pro- 
posed including one seat on each flight to the ISS for a space flight participant at a price 
competitive with what Roscosmos charges tourists. 

In October 2016, Boeing delayed its commercial crew development and test program 
by 6 months, from early 2018 to late 2018, following supplier holdups and a production 
problem on the second CST-100, which is to carry the first crew. 


Fig. A.4.3 An artist’s rendering of the CST-100 Starliner. (Photo courtesy of Boeing) 


A.4.6 Dream Chaser 


The Dream Chaser Cargo System is a reusable automated cargo lifting-body spaceplane 
that is being developed by Sierra Nevada Corporation (SNC) Space Systems headquar- 
tered in Sparks, Nevada. The Dream Chaser is to deliver both pressurized and unpressur- 
ized cargo to the ISS. It will be compatible with the Atlas V, Ariane 5, and Falcon Heavy 
launch vehicles. At the end of its mission it will glide back to land horizontally autono- 
mously on a conventional runway. The plan is to deliver up to 12,100 lb. (5500 kg) of 
pressurized and unpressurized cargo to the ISS, with the ability to conduct orbital disposal 
services and responsively return pressurized cargo at less than 1.5 g. The vehicle is 
designed for high reusability, reducing overall cost and providing rapid turnaround for 
reflight opportunities. The ability to launch on a number of launch vehicles and land on a 
convenient runway will make the spacecraft a flexible option. 
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The specific capabilities include: 


e Disposable cargo module that attaches to the Dream Chaser vehicle, greatly increas- 
ing the upmass of pressurized and unpressurized cargo. 

e Ability to do both orbital disposal and pressurized cargo return on every mission. 

e Innovative folding-wing design allows the uncrewed Dream Chaser spacecraft to 
fit inside existing standard launch vehicle fairings, making it compatible with a 
suite of current and future launch vehicles. 

e Solar arrays on the cargo module increase flight time in space and support powered 
payloads. 


In January 2016, NASA selected the Dream Chaser Cargo System to provide cargo delivery, 
return and disposal services for the ISS. The Commercial Resupply Services 2 (CRS2) contract 
calls for a minimum of six cargo service missions to and from the ISS between 2019 and 2024. 

With further development, it will become the Dream Chaser Space System with a capac- 
ity to carry seven people to and from low Earth orbit. It is 30 ft. (9 m) long, or roughly 
one-quarter the length of the Space Shuttle orbiter. It will carry the same number of people 
as the Space Shuttle and be able to remain docked to the ISS for considerably longer. 

The specific capabilities include: 


e Environmental control, life support system and seating capable of transporting a 
crew of seven and critical cargo to low orbit. 

e Windows for crew visibility. 

e Launches without a fairing on top of a crew-rated Atlas V rocket with the ability to 
safely abort to land on a runway in the event of an emergency. 

e Integral main propulsion system for abort capability and major orbital maneuvers. 


Fig. A.4.4 An artist’s rendering of the Dream Chaser attached to the ISS. (Photo courtesy of 
Sierra Nevada Corporation) 
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In addition to the Dream Chaser, SNC and their subsidiary Orbital Technologies 
Corporation (Orbitec) is one of six U.S. companies announced in late 2016 for a contract 
award with NASA’s second round of Next Space Technologies for Exploration Partnerships 
to develop a prototype living environment for deep space missions. Such a system could 
be a significant step towards a habitat for a mission to Mars. 
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Commercial Launch Vehicles 


A.5.1 Overview 


The NASA SLS is designed to put up to 286,000 Ib. (130,000 kg) into low Earth orbit for 
a deep space mission like Mars, but there may be opportunities for commercial launch 
vehicles to assist in launching smaller payloads that could be docked to assemble the 
“stack.” This would ease the load on the SLS, and possibly reduce the risk of loss of ele- 
ments and vehicles. The commercial launch operators can see possibilities in this and 
other areas, as well as the longer term prospects of running their own space programs aside 
from NASA’s. 

In August 2014, media sources noted that the U.S. launch market may have two com- 
petitive launch vehicles available in the 2020s to put payloads of 220,000 Ib. (100,000 kg) 
or more into low orbit. SpaceX has played down this competitive aspect with the SLS, but 
if it makes progress with its super heavy launcher in the coming years it is almost inevi- 
table that America’s multiple Super Heavy Lift Launch Vehicles (SHLLV) will offer con- 
siderable opportunities and flexibility to mission planners. 

By late 2016, another new proposed launch vehicle in this class was added to the mix. 
Blue Origin’s New Glenn rocket (named for John Glenn) will also compete in the super 
heavy class due to its size and first stage thrust; the payload capacity has not yet been 
announced. If all of these super heavy launch vehicles were to complete development and 
be offered for scheduled launches in the 2020s, then they would compete for the available 
large payloads (NASA would drive such decisions). The crewed missions would certainly 
go to the SLS, but the cargo flights might be competed or at least offer options. 

To place the size of these new vehicles into perspective, the definition of “super heavy 
lift” is the ability to place 110,000 Ib. (50,000 kg) into low Earth orbit. The following are 
the previous standards for comparison: 


e Saturn V, 310,000 Ib. (140,000 kg). 
e Space Shuttle, 270,142 Ib. (122,534 kg). 
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In addition to the SLS, the following super heavy lift launch vehicles are currently in 
active development: 


e Falcon Heavy, 119,900 Ib. (54,400 kg). 

e Blue Origin New Glenn, the payload capacity has not been announced but thrust 
levels for the first stage place the vehicle in the super heavy lift class. 

e SpaceX’s ITS launch vehicle will be 1200,000 Ib. (550,000 kg) in its expendable 
form or 660,000 Ib. (300,000 kg) in its reusable form. 

e The United Launch Alliance Vulcan with a payload planned in the Delta IV Heavy 
class or larger. 


A.5.2 Falcon Super Heavy Lift Launch Vehicle 


Falcon Heavy, previously called the Falcon 9 Heavy, is a super heavy lift launch vehicle 
that is being designed and manufactured by SpaceX using private capital. No government 
financing is being allocated to its development. The Falcon Heavy will comprise a stan- 
dard Falcon 9 rocket core and two strap-on boosters derived from the Falcon 9 first stage. 
This will increase the LEO payload to 119,900 Ib. (54,400 kg), compared to 50,265 Ib. 
(22,800 kg) for a Falcon 9 full thrust. Falcon Heavy was designed from the outset to carry 
humans into space. The first Falcon Heavy is currently scheduled for 2017. A second dem- 
onstration flight will carry the STP-2 U.S. Air Force payload. There will then be opera- 
tional geostationary transfer orbit missions for Intelsat and Inmarsat. Other contracts have 
been signed. 


A.5.3 New Glenn 


The design, development and manufacture of the New Glenn SHLLYV is being funded by 
Jeff Bezos, founder of Amazon. Work on the design began in 2012 and the high level 
specs for the vehicle were announced in September 2016. It is to be a two or three stage 
rocket which has a diameter of 23 ft. (7 m). The two stage variant will stand 270 ft. (82 
m) tall, and the three stage configuration will be 313 ft. (95 m) tall. By comparison, the 
70 ton version of the SLS is 321 ft. (97 m) tall. The first stage will be powered by BE-4 
single-shaft oxygen-rich staged combustion liquid methane/liquid oxygen engines 
designed and manufactured by Blue Origin. Like the New Shepard suborbital launch 
vehicle, the first stage of the New Glenn will be reusable. The second stage will employ 
the new BE-3 tap-off cycle liquid hydrogen/liquid oxygen rocket engine. The number of 
engines on each stage was not released, nor was the payload or gross launch weight. The 
company intends to launch from Launch Complex 36 at Cape Canaveral and manufac- 
ture the rockets at a new facility on nearby land in Exploration Park. Engine acceptance 
testing will also be done in Florida. Blue Origin has indicated that the first orbital launch 
will occur in 2020. 
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Fig. A.5.1 An artist’s rendering of the Falcon Heavy on Pad 34A. (Photo courtesy of SpaceX 
and Flickr) 


A.5.4 Interplanetary Transport System (ITS) 


The ITS is a privately funded orbital launch vehicle being developed by SpaceX’s CEO 
Elon Musk. The initial design objective is to launch a variety of SpaceX Interplanetary 
Transport System missions to Mars and other destinations in deep space. Work on the 
vehicle began in 2012 and the specifications were announced in September 2016, but the 
first test launch is not expected until the 2020s. 
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Fig. A.5.2 Blue Origin’s New Glenn. (Photo courtesy of Blue Origin and Wikipedia) 


The ITS launch vehicle is described as a two-stage rocket. Its first stage will be pow- 
ered by 42 Raptor rocket engines, also designed and manufactured by SpaceX, operating 
on densified methane/oxygen propellants that have not been widely used as propellants in 
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the past. Like the Falcon 9, the ITS launch vehicle’s first stage is to be reusable, following 
a return to the launch site. The large payload capacity of the launch vehicle places it in the 
super heavy lift class. In fact, with the ability to place 660,000 1b. (300,000 kg) into LEO 
in the reusable configuration and 1,210,000 Ib. (550,000 kg) in the expendable mode, it 
will be more powerful than the Saturn V. 

The second stage will be one of two spacecraft that, unusually, will also act as upper 
stages during the launch. Both are powered by six vacuum-optimized Raptor rocket 
engines and three additional sea-level-nozzle Raptor engines for maneuvering. The ele- 
ment of the launch vehicle that provides second-stage acceleration to orbital velocity 
will also be utilized in much longer duration roles as an on-orbit spacecraft. One version 
will be a tanker to deliver replenishment propellant into low orbit. Like the first stage, it 
will be fully reusable. The other version will be the Interplanetary Spaceship, a very 
long duration carrier of both passengers and space cargo to destinations in deep space, 
and then land on Mars and lift off again to return to Earth. It will be fully reusable. 
SpaceX is concentrating its resources on the transportation part of the project as well as 
an ISRU plant that can be deployed on Mars to manufacture methalox rocket propellant 
from local resources. 


Fig. A.5.3 SpaceX’s ITS Mars Transport. (Photo courtesy of SpaceX) 
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A.5.5 Delta IV Heavy 


On December 5, 2014, the Delta IV Heavy, which is not in the super heavy class, was used 
to launch the unmanned test flight of the Orion Multi-Purpose Crew Vehicle, designated 
EFT-1. Listed as 9250H, it is the most powerful member of the Delta IV expendable heavy 
lift family and has the greatest capacity of any rocket currently in operation anywhere in 
the world. It is manufactured by United Launch Alliance and was introduced in 2004. 

The Delta IV Heavy uses two additional Common Booster Cores as liquid rocket boost- 
ers, instead of the solid rockets used by the Delta IV Medium + versions. At lift off, all 
three cores operate at full thrust, and 44 s later the center one is throttled down to 55% to 
conserve fuel until booster separation. The boosters burn out after 242 s, and are separated 
as the core throttles back up to full thrust. The core burns out 86 s later, and the second 
stage completes orbit insertion. The Delta Cryogenic Second Stage (DCSS) is a family of 
cryogenic rocket stages for the Delta III and Delta IV rockets. It is powered by a single 
Pratt & Whitney RL-10B2 engine with an extendable carbon-carbon nozzle to improve 
specific impulse. It will be used for the Block I SLS. The Interim Cryogenic Propulsion 
Stage that will be the second stage of the first Exploration Mission (EM-1) in 2018 will be 
a modified DCSS. 

It is possible that the Delta IV Heavy could put elements of the Mars mission into LEO 
for later assembly into the “stack” for a Mars mission. Although the SLS will have a much 
greater lifting capacity, if this is deemed too costly to launch a lesser payload then the Delta 
IV could provide that capability. It can put the following payloads into these positions: 


e LEO at 200 km inclined at 28.7°: 63,470 Ib. (28,790 kg). 
e ISS at 407 km inclined at 51.6°: 57,280 Ib. (25,980 kg). 
e Lunar transfer orbit (LTO): 22,000 Ib. (10,000 kg). 

e Mars transfer orbit: 17,600 Ib. (8000 kg). 


A.5.6 Atlas V 


The Atlas V family of launch vehicles was formerly operated by Lockheed Martin and is 
now operated by United Launch Alliance (ULA), a joint venture of Lockheed Martin 
Space Systems and Boeing Defense, Space & Security that was formed in December 2006 
specifically to offer spacecraft launch services to the Department of Defense, NASA, and 
other organizations. The inaugural flight of the Atlas V was in 2002. It has had a perfect 
mission success rate with more than 60 launches, although in some cases anomalies had to 
be overcome in flight. 

It uses an RD-180 engine burning kerosene and liquid oxygen to power its first stage 
and an RL-10 engine burning liquid hydrogen and liquid oxygen for its Centaur upper 
stage. The RD-180 engines are produced by RD Amross, a joint venture between Pratt & 
Whitney and NPO Energomash, the Russian company that designed the engine. Aerojet 
Rocketdyne supplies the RL-10 engines and the strap-on boosters that are employed in 
some configurations. In response to political considerations, in 2014 ULA investigated the 
possible replacement of the Russian-supplied RD-180 engines. This led to the decision to 
develop a new launch vehicle which will replace the Atlas V and Delta IV existing fleet. 
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Fig. A.5.4 The EFT-1 Delta IV Heavy (Photo courtesy of ULA) 


In late 2014 NASA selected the Atlas V to launch the Boeing CST-100 spacecraft that 
is to begin flying crews to the ISS in 2018. 
There have been several notable Atlas V launches of NASA missions: 


e On January 19, 2006, the New Horizons spacecraft was launched by an Atlas V 
551. It had a third stage to increase the heliocentric (escape) speed. This was the 
first launch of the Atlas V 551 (which has five solid rocket boosters) and the first 
Atlas V to employ a third stage. 

e On December 6, 2015, the Atlas V launched its heaviest payload to date, which was 
the 16,517 1b. (7492 kg) Cygnus resupply craft to the ISS. 
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e On March 23, 2016, the Atlas V suffered an underperformance anomaly on the first 
stage that shut it down 5 s early. The Centaur proceeded to boost the Cygnus payload, 
slightly heavier than the last, into the intended orbit by utilizing its fuel reserves to 
make up for the shortfall from the first stage. 

e On September 8, 2016, the OSIRIS-REx Asteroid Sample Return Mission was 
launched by an Atlas V 411. It will reach the asteroid Bennu in 2018 and return a 
sample to Earth in 2023. 


Fig. A.5.5 An artist’s concept of the Atlas V used for the Commercial Crew Program (Photo 
courtesy of ULA/NASA) 
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A.5.7 Vulcan 


The United Launch Alliance currently provides launch services using three expendable 
launch systems: the Delta II, Delta IV, and Atlas V. In October 2014 it announced a plan to 
carry out a major restructuring of the company, its products, and processes in order (over 
several years) to decrease launch costs. ULA is also planning to build a new rocket as a 
successor to the Atlas V, using a new rocket engine on the first stage. In April 2015, ULA 
unveiled this Vulcan as a Next Generation Launch System (NGLS) that will give flexibility 
in a single system with a single core that can be configured for all destinations from low 
Earth orbit out into deep space. It will have an American engine and the Advanced 
Cryogenic Evolved Stage (ACES) and be more capable than the Atlas V. 

It will be introduced in 2019 using a single booster stage and a Centaur second stage. 
It will have up to six solid rockets, depending on the payload and whether the fairing is 4 m 
or 5 m in diameter. In 2023 the Centaur will be replaced by the more powerful ACES 
equipped with up to four rocket engines that have yet to be selected. This will allow the 
Vulcan to match the current capability of the Delta IV Heavy. ACES will have Integrated 
Vehicle Fluids technology for its cryogenic propellants to extend its operational life in space 
to weeks rather than a few hours, to enable it to play a role in deep space missions. 
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Station Keeping 


A.6.1 Overview 


In Chapter 6 the idea of station keeping was discussed in the context of exploring Deimos 
and Phobos. In addition to conducting propulsive burns to maneuver close to the target, the 
vehicle (either the full “stack” or the smaller SEV) would also need to hold its relative 
position either to conduct direct sampling or allow an astronaut to cross to the surface. 

One strategy that will minimize fuel expenditures is to use the orbital mechanics tech- 
niques first described by Italian mathematician and astronomer Giuseppe Lodovico 
Lagrangia (1736-1813), also known as Joseph-Louis Lagrange. He studied the three body 
problem for the Earth, Sun and Moon (1764) and the movement of Jupiter’s satellites 
(1766). In 1772 he discovered a number of special case solutions which offer stability. 
These are now known as the Lagrangian points, designated L1, L2, L3, L4 and L5. His 
work will be very applicable to station keeping with Mars’s moons, and may just become 
one of the important experiments to be conducted by the Mars Orbital Mission crew. 

French physicist Jules-Antoine Lissajous (1822-1880) is another gentleman whose 
research comes into play. In orbital mechanics, a Lissajous orbit is a quasi-periodic orbital 
trajectory that an object can follow around a Lagrangian point of a three body system 
without the need for any propulsion. This is the key to the solution for efficient station 
keeping close to moons. Lissajous orbits include components in the plane of the moon and 
Mars as well as perpendicular to it; they pursue a so-called “Lissajous curve.” A “halo 
orbit” around a Lagrangian point has components perpendicular to the plane, but it is peri- 
odic whereas a Lissajous orbit is not. In addition, a halo orbit may also be less stable and 
require expending fuel in order to achieve station keeping. 

In practice, any orbits around the L1, L2, or L3 points are dynamically unstable and 
small departures from equilibrium will increase over time. As a result, spacecraft in these 
Lagrangian point orbits must make propulsive maneuvers in order to station keep. 
Nevertheless, the masses of Deimos and Phobos are so small that such orbits are expected 
to be stable. In the absence of other influences, orbits around the L4 and L5 points will be 
dynamically stable if the ratio of the masses of the two main objects is greater than about 
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25, meaning that natural dynamics (without the use of a spacecraft’s propulsion system) 
keep the spacecraft in the vicinity of the Lagrangian point even when it is slightly per- 
turbed from equilibrium. 

Several missions have used Lissajous orbits: ACE at Sun-Earth L1, DSCOVR at Sun- 
Earth L1, WMAP at Sun-Earth L2, and the Genesis mission which collected solar particles 
at L1. On May 14, 2009, ESA launched the Herschel and Planck observatories into 
Lissajous orbits at the Sun-Earth L2. That Agency’s current Gaia mission also uses a 
Lissajous orbit at Sun-Earth L2. In 2011, NASA transferred two of its THEMIS spacecraft 
from Earth orbit into lunar orbit by way of Earth-Moon L1 and L2 Lissajous orbits. China’s 
Chang’e 2 spacecraft left lunar orbit on June 8, 2011 and was placed in a Lissajous orbit 
at Earth-Sun L2 until mid-2012, when it set off for a flyby with Toutatis, an asteroid that 
was at that time close to Earth. 

So NASA knows how to use Lagrangian and Lissajous orbits and should thoroughly 
analyze how they might be used for a crewed mission to Deimos and Phobos. These should 
be included in the Mars Orbital Mission Design Reference. 


A.6.2 The Three Body Problem 


The Mars spacecraft (the least massive), a moon (much more massive than the spacecraft), 
and Mars (millions of times heavier) are the three bodies in the problem of how best to 
station keep. As with other planetary bodies, objects as small as the Martian moons each 
have five Lagrangian points. Of these, L1 and L2 are very close to the surface of the 
moons; close enough not only to station keep but possibly to tether or anchor into position 
and stay there long enough to conduct some useful science. L3 would be on the other side 
of Mars and not of much use when trying to sample a moon. The L4 and L5 points 60° 
ahead of and behind a moon will be stable. Although they are much farther away, perhaps 
that would be where the “stack” could be parked while the SEV visited L1 or L2. Since 
both tiny moons are tidally locked, meaning that they maintain one face toward Mars, a 
vehicle at a Lagrangian point will hold at a fixed point in the sky. Thus the positions 
directly “below” a Lagrangian point will be useful places for arrival and departure by a 
sampling craft. 


A.6.3 Use of Lagrangian Points for Vehicle Positioning 


Some years ago, Dr. Michel Hamelin of the French National Center for Scientific Research 
(CNRS) wrote a paper called “Gathering Phobos Regolith From A Martian Satellite 
Orbiting Near the Lagrange Points.” This showed how an SEV at L1 or L2 could easily get 
to Deimos and/or Phobos, conduct some exploration and science, and collect samples of 
the regolith. One interesting point from the paper is that these Lagrangian points are only 
about 2 miles (4.3 km) from Phobos. That position presents two realistic possibilities for 
obtaining samples, which he called “fishing” and “anchoring.” In the fishing mode, assume 
the SEV is at one of these two points. There are operational pros and cons in each case, but 
for the sake of discussion say the vehicle is at L2. A collection device is launched from the 
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SEV on a controlled line that hits the surface of the moon and the sample of regolith is 
hauled up. Hamelin gave details of mechanical impulse, velocity, time, distance, angles, 
etc. He explored this activity from different distances and reported that it would be feasi- 
ble from a dynamics point of view. In the anchoring mode, a harpoon like device is 
launched from the SEV and anchored in the regolith. Note that we don’t know in advance 
the consistency and depth of the regolith. The line then enables either a small “shuttle” to 
run down to sample the regolith or it serves as a translation aid for a crewmember making 
an EVA for that purpose. Hamelin observed that unrolling several kilometers of line is a 
technology that is used in the small missile world. Such a device would obviously be rede- 
signed for this purpose. 

It is evident that the use of Lagrangian points in exploring and sampling Deimos and 
Phobos should certainly be in the Mars Orbital Mission Design Reference. Note that a 
sample of Phobos could well be a sample of Mars itself, in that previous meteor/comet 
impacts on Mars have most likely deposited material on Phobos because it orbits so close 
to the planet. 


A.6.4 Experimental Use of Lagrangian Points 


Buzz Aldrin is advocating using the Mars Lagrangian points as positions for multiple sci- 
entific satellites of different types that can communicate with each other and also with a 
satellite that can transmit their data to Earth, just as we have constellations of satellites in 
Earth orbit. They would conduct a wide range of scientific work. They might also play a 
role in the operation of robotic rovers on the planet. 
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Quotes 


A.7.1 Quotes by Great Thinkers and Doers 


“Mankind will not be confined forever to the Earth, but will expand his endeavors; 
eventually to the limits of the Solar System.” 


— Konstantin Tsiolkovski, circa 1898 


“But it is not really necessary to look too far into the future (of aviation); we see enough 
already to be certain that it will be magnificent. Only let us hurry and open the roads.” 


— Wilbur Wright accepting the Gold Medal from the French Aero-Club 
in Paris on November 5, 1908 


“We shall not cease from exploration and the end of all our exploring will be to arrive 
where we started and know the place for the first time.” 


—T.S. Elliot from his last Quartet The Little Gidding, 194 


“Where there is no vision; people perish. Men need the mystery and romance of new 
horizons almost as badly as they need food and shelter. In the difficult years ahead, we 
should remember that the Snow of Olympus lie silently beneath the stars, waiting for our 
grandchildren.” 


— Arthur C. Clark 
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“We cannot predict the new forces, powers, and discoveries that will be disclosed to us 
when we reach the other planets and set up new laboratories in space. They are as much 
beyond our vision today as fire or electricity would be beyond the imagination of a fish.” 


— Arthur C. Clarke 


“T wonder what responsibility society at large has for the sponsorship of exploration?” 
— James A. Michener, 1976 


“We go to Mars together or not at all.” 


— Dr. Carl Sagan speaking to the international attendees at the 8th Planetary Congress of 
the Association of Space Explorers, 1992 


“Our only chance of long-term survival is not to remain lurking on planet Earth, but to 
spread out into space.” 


— Stephen W. Hawking 


A.7.2 Quotes by NASA Managers and Scientists 


“Driving forces will motivate humans to settle Mars and its conquest. A vigorous interna- 
tional program will provide a unifying force that reaches out to all people on Earth.” 


— Thomas O. Paine 


“When one explores the unknown, one should look for surprises and be prepared to alter 
one’s course.” 


— Donald P. Hearth, July 2, 1976, at the “Why Man Explores” panel held 
in conjunction with the Viking mission to Mars 


“Exploration is not simply a pastime for the curious, it’s a biological imperative wired 
right into our DNA. To grow is to live; to stop is to die. Exploration is part of what we live 
for. It’s how we grow as intelligent beings.” 


— NASA Administrator Daniel S. Goldin, 1992 


“Not everything that can be counted counts, and not everything that counts can be 
counted.” 


— The National Research Council quoting William B. Cameron in discussing the quantifi- 
cation of the value of human space flight in terms of economic return or increased 
quality of life 


“The discovery on Mars of fossils or evidence of contemporary Martian life would be 
epochal, since it would prove that the evolution of nonliving matter toward life is not 
unique to Earth. This would imply that the universe we inhabit is filled with living things. 
And, if Mars was once a home for life, must it not be so again? Finding the truth in such 
matters is worth.” 


— Robert M. Zubrin and Christopher P. McKay 
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A.7.3 Quotes Related to a Mission to the Moons of Mars 


“Phobos and Deimos are of significant scientific value not only as small bodies but as 
records of Mars’s formation and evolution.” 


— Dr. Pascal Lee, The Mars Institute, Planetary Scientist and Arctic Explorer 


“T think that the opposition class missions are a good choice to look at for an initial mission 
to Martian moons.” 


— Daniel Mazanek, Senior Space Systems Engineer, NASA Langley Research Center 


“Phobos occupies a unique position physically, scientifically, and programmatically on 
the road to exploration of the solar system. It is a low gravity object moderately inside 
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NGC Next Generation Canadarm 

NGLS Next Generation Life Support (Project) 
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RCS Reaction Control System 
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SDR System Design Review 
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SPARTAN Station Power, Articulation, Thermal and Analysis (MCC position) 
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TEI Trans-Earth Injection 

TITAN Telemetry, Information Transfer, Attitude and Navigation (MCC position) 
THOR Thermal Control (MCC position) 

TMI Trans-Mars Injection 

TOPO Trajectory Operations Officer (MCC position) 
TRL Technology Readiness Level 

TTGbE Time-Triggered Ethernet 

ULA United Launch Alliance 
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USAP U.S. Antarctic Program 
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VNS Visual Navigation Sensor 
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YPG Yuma Proving Grounds 

ZBO Zero Boil-Off 

Z Series Prototype exploration pressure suits 
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About the Author 


“Dutch” von Ehrenfried openly admits never having been to Mars, and nor was he ever 
involved with the planning of a Mars mission. But as a former NASA Flight Controller for 
the Mercury, Gemini and Apollo programs he was involved in many mission planning 
discussions as well as the development of formal mission documents. He also served as an 
Apollo Pressure Suit Test Subject and that experience gave him some insight to the tasks 
of an EVA astronaut obtaining samples of the moons of Mars. His experience as the sensor 
operator on the NASA High Altitude RB-57F aircraft provided him experience working 
with scientists to operationally achieving their goals; all while wearing a full pressure suit 
at altitudes of up to 70,000 ft. These activities, along with his piloting experience, have 
given him some insight to the tasks of an astronaut flying a Space Exploration Vehicle to 
Deimos and Phobos to accomplish scientific objectives. 

During 1970 and 1971, Dutch was Chief of the Science Requirements and Operations 
Branch at NASA JSC. This Branch was responsible for the definition, coordination, and 
documentation of science experiments assigned to Apollo and Skylab. This included the 
Apollo Lunar Surface Experiment Package (ALSEP) left on the Moon and experiments 
conducted in lunar and Earth orbit. The ALSEPs included seismic sensors, magnetome- 
ters, spectrometers, ion detectors, heat flow sensors, charged particle and cosmic ray 
detectors, and gravity measurements. This work also defined the astronauts’ procedures 
for deploying the packages and conducting experiments on the Moon. This too, is analo- 
gous to an EVA astronaut deploying scientific packages on the Martian moons. 

Between 1973 and 1974, Dutch worked with TRW on their World Wide Military 
Command and Control System. This experience is applicable to the problems of commu- 
nicating situational understanding with near and real-time communications as well as 
drop-outs. Communications to the Mars spacecraft will require more autonomy onboard 
and complicate the role of the Mission Control Center on Earth. Prior to the advent of 
communications satellites, Dutch communicated with the NASA remote sites during a 
space mission via TTY and HF SSB radio from the MCC. This is also analogous to the 
problems that will face the MCC in communicating with a mission in deep space. 

As a support contractor for the NASA Headquarters Space Station Program Office dur- 
ing the 1980s and 1990s, Dutch heard a lot about space policy as well as related engineer- 
ing and mission operations. And of course, in the past year or so he has investigated many 
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books and countless reports on the currently planned exploration missions in deep space. 
His interest concerned the operational aspects of such flights. Recognizing the difference 
between dreaming about deep space missions and executing them from a flight operations 
point of view, he concluded that attempting to land on Mars and stay on the planet for an 
extended period (up to a year for the first mission) would be unwise, unsafe, and extremely 
expensive. He turned his attention to a precursor mission which would still undertake sig- 
nificant science and be achieved much earlier; perhaps even a decade ahead of the cur- 
rently planned landing/stay mission. There would be a strong analogy to the precursor 
missions to the Moon during the run up to the Apollo 11 lunar landing mission. 


Fig. AA.1 The author preparing to test one of Neil Armstrong’s spacesuits and life support 
system back packs in a vacuum chamber with the pressure reduced to that at an altitude of 
400,000 ft.; essentially a vacuum. (Photo courtesy of NASA JSC, 1969) 


It was in 1991, while supporting the NASA Headquarters Synthesis Group, that Dutch 
first experienced Mars mission planning but only from the production of the document 
perspective. The effort was headed by former astronaut Lt. Gen. Thomas P. Stafford with 
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whom Dutch had worked at JSC in Houston, Texas. The report was called America at 
the Threshold: America’s Space Exploration Initiative. It was released on May 3, 1991. 
The report requested input from the public, so Dutch took the opportunity to submit a short 
paper suggesting that NASA should consider a precursor mission to Mars. His interest in 
this idea remains solid after a quarter of a century, as evidenced by this book, which may 
be his last effort to influence the exploration of Mars. 
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